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ABSTRACT
The work presented in this thesis is focused on the removal of ions from saline water 
using macrocyclic ligands. Calixarene derivatives were synthesised to target metal 
cations found in saline water, followed by the attachment of the macrocycles onto 
solid supports such as silicates in order to work in aqueous media. A  general 
introduction is given covering i) existing methods of desalination, ii) main aspects and 
development of Supramolecular Chemistry and previous work done in this area.
This Thesis investigate the complexation properties of synthetic macrocyclic ligands 
such as calix[5]arene derivatives Li and L 2 towards metal cations in dipolar aprotic 
and protic media (MeCN and MeOH) at 298.15 K.
*H N M R  studies were used to investigate the interaction of the receptors 5, 11, 
17,23,29 p-tert-butyl-31, 32, 33, 34,35 penta-ethanoate calix[5]arene, Li and 5, 11, 
17,23,29p-tert-butyl-31, 32, 33, 34,35 penta-diethylacetamide, L 2 with several metals 
cations. Conductance measurements clearly demonstrated that 1:1 and 2:1 metal 
cation: ligand stoichiometiy are found with these metal cations in acetonitrile. The 
thermodynamic of complexation of Li and L2 with metal cations in acetonitrile and 
methanol at 298.15 K  was derived from titration calorimetry and those derived by 
potentiometry. Li and L 2 behave in a similar fashion for alkaline-earth metal cations 
with a higher stability constant for Ba2+ cation relative to other metal cations in 
acetonitrile and methanol.
The calix[4]arene acetamide was attached onto a modified silica as solid support. This 
was followed by the characterisation of the material and experimental work to 
establish the uptaking capacities under different conditions.
Final conclusions and suggestions for further research in this area are given.
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L INTRODUCTION
One of the most serious problems in different regions around the World is the scarcity 
and the poor water quality which are usually associated with poverty and starvation. 
Due to climatic changes, population growth and human activities, the sources of fresh 
water are constantly decreasing. One of the most important alternatives to remediate 
the problem is the use of seawater (highly concentrated in salts, mainly sodium 
chloride) as a source of freshwater after desalination1. However, the available 
methods require expensive technologies, high consumption of energy among other 
disadvantages. Therefore the main goal of this project is to attempt to use 
Supramolecular Chemistry to explore and develop new macrocycles for the 
desalination of water.
1.1 Nature of water
Water is one of the most important compounds to maintain life on Earth and 
therefore, essential to support human activities. Water is the most abundant substance 
in the World. However, only one fifth of the total water available is suitable for 
human consumption2 and its distribution around the World is not uniform. In addition 
the growing population’s demands are in constantly increase in supply. Thus the 
water storage problem becomes critical due to the climatic changes and the 
contamination of water resources by human activities.
The research on water began by Universities and Industries with the aim of 
developing new technologies to alleviate the water scarcity. One of the alternatives to 
produce potable water is the desalination of seawater1. Another option to alleviate the 
human needs is the treatment of wastewater3 However water will become much more 
expensive due to the high cost of existent technologies and the expansion of water 
treatments to prevent pollution.
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1.2 Human’s water requirement
The need of water by humans can be divided in: i) direct human consumption, ii) food 
production (Agriculture) and iii) the ever increasing economic activities (Industry). 
The average daily consumption of water per person in Developed Countries can reach 
up to 300 1/day; 25 1/day is the consumption in Developing Countries, while the 
amount of water recommended by the World Health Organization (WHO )4 for vital 
necessities and personal hygiene is around 80 1/day. Nevertheless, the average World 
consumption of water per person per day is 1800 1, including the use of water for 
Agriculture, cattle rising and Industry.
1.3 Existing Desalination Technologies
Desalination is a process which removes dissolved minerals from seawater and 
brackish water. The two major types of technologies used for desalination are i) 
thermal and ii) membrane. However these two technologies need energy to operate 
and produce fresh water. These two categories can be subdivided in different 
processes as shown in Table l.l5,6.
Table 1.1 Desalination Technologies and Processes
Thermal Technology Membrane Technology
Multi-Stage Flash Distillation (MSF) Electrodialysis (ED)
Multi-Effect Distillation (MED) Electrodialysis Reversal (EDR)
Vapour Compression Distillation (VCD) Reverse Osmosis (RO)
The water desalination product can be used in its pure form (e.g., to make-up water in 
Power Plant boilers) or it may be mixed with less pure water to decrease its salinity 
and used for drinking, irrigation and other purposes. The desalination product is 
usually more pure than the recommended standards for dinking water.
2
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Thermal desalination technologies are based on the concept of using evaporation and 
distillation processes, mainly heating saline water and collecting the condensed 
vapour (distillate) to produce pure water. Fig. 1.1 shows a schematic representation of 
this process. Thermal desalination includes Multi-Stages Flash, MSF, Multi-Effect 
Distillation, M E D  and Vapour Compression Distillation, VCD. These are described 
below.
1.3.1 Thermal Desalination
r    vl.   g-y.
WMar j j M j y 3 ^ y | j j
Fig. 1.1 Schematic representation of the distillation process for water
desalination
a) Multi-Stages Flash distillation, MSF7, This desalination method involves the use 
of distillation through several chambers at different pressures. The feed water is first 
heated under high pressure and then passed into the first flash chamber, where the 
pressure is released, causing the water to boil rapidly, resulting in a sudden 
evaporation or flash evaporation, This flashing process continues in each successive 
stage, due to the fact that the pressure at each stage is lower than the previous one. 
The vapour generated is condensed on heat exchanger pipes which run through each 
stage. Only a small percentage of the feed water is converted into vapour and 
condensed. The total content of dissolved solids (TDS) in the water produced from the 
MSF process is usually of the order of 30 ppm. The distilled product water must be 
stabilized by blending it with brackish water, adjusting the pH, sterilizing it, etc, to 
make water suitable for drinking.
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b) Multi-Effect Distillation, MED8. This desalination technique occurs in a series of 
evaporators (effects) and use the principle of evaporation and condensation at reduced 
pressure. In this process, the vapours from the first evaporator will be condensed in 
the second one and the condensation heat is used to boil the seawater in the second 
evaporator. In essence, the second evaporator acts as a condenser for the vapours of 
the first one which in turn acts as a heater for the water in the second evaporator. Thus 
the pressure and the boiling temperature in each evaporator are different. Another 
working condition in this method is that heat exchanges between the pipes containing 
the condensing stream and those with boiling seawater must be maintained. Thus the 
temperature of the seawater must be several degrees lower than that of the condensing 
steam. Pumps are necessary to transport the freshwater at atmospheric pressure since 
the pressure in the system is lower. A  steam ejector joined to a vacuum pump is used 
for the removal of air and non-condensing gases accumulated which stop the boiling 
process.
c) Vapour Compression Distillation, VCD8. Unlike other distillation processes, this 
method uses mechanical energy rather than heat energy. The principle consists of 
compressing the water vapour in order to increase temperature and pressure with 
reduction of volume. The V C D  process can be operated either in a single or multi 
effect configuration. In this process, it is necessary to provide a mechanical energy 
source, specifically a mechanical compressor. The VCD unit generally has small 
capacity and is often used in industrial applications.
1.3.1.1 Advantages and disadvantages of Thermal technologies
Table 1.2 shows the scope and limitations of thermal processes7’8.
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Table 1.2 Advantages and Disadvantages of Thermal Processes.
Technology Advantages Disadvantages
Multi-Effect Flash 
distillation (MSF)
High purity product, total 
dissolved solid, TDS (<30 ppm).
High production capacity.
Flexibility in salinity of feed 
water.
Low skill requirement.
Low energy input.
Low conversion ratio (30 - 
40 %).
Labour-intensive.
Requires pre-treatment of 
feed water.
High operation costs.
High construction costs.
Limited potential for 
improvement.________
Multi-Effect 
Distillation (MED)
Energy input independent of 
TDS.
High production capacity.
High purity (< 30 ppm of TDS). 
Low investment.
Minimal labour costs.
Low conversion ratio (30 - 
40 %).
Output is dependant on the 
local power availability.
Difficulty to control water 
quality.
Long construction period.
Large space and material 
requirements.___________
High water quality (20 ppm of 
TDS).
^ . High operational load.Vapour Compressioi
Distillation (VCD) Short construction period.
Small space requirement. 
________________ Easy handling operation______
High operational cost.
High energy consumption.
Lack of water quality 
control.
1.3.2 Membrane Technologies7.
A  semi permeable membrane is a thin film of porous material that allows water 
molecules to pass trough it, but simultaneously prevents the passage of larger and 
undesirable bacteria, metals and salts. Membranes are made with a wide variety of
5
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materials as i) polymeric matrices that include cellulose acetate and nylon, ii) non­
polymeric materials such as ceramics, metals and composites. The membrane 
treatment processes are either pressure-driven (reverse osmosis, RO, nanofiltration, 
NF) or electrical-driven (electrodialysis, ED and electrodialysis reversal, EDR). 
Membrane technologies are briefly described below.
a) Desalination by Reverse Osmosis, RO7. In osmosis, two solutions of different 
concentrations which are separated by a semi permeable membrane. The water will 
migrate from the most diluted to the most concentrated solution until the same 
concentration is reached in both sides of the semi permeable membrane.
Reverse osmosis is a physical process in which the water is forced to migrate from a 
concentrated solution through a semi permeable membrane to a region of diluted 
solution by applying pressure. A  concentrated solution is retained for disposal. This 
process is effective in removing total dissolved solids (TDS) up to concentrations of 
45000 ppm. Therefore it can be applied to desalinate both brackish water and 
seawater. Reverse osmosis needs energy to operate the pumps to raise the pressure 
which is applied to feed water. The pressure required in RO is directly related to the 
TDS concentration in the feed water. In the case of seawater, pumps may need to 
generate up to 82.7 bars and this will have an effect on the costs of the water 
produced.
Several types of reverse osmosis membranes are commercially available, the most 
common materials are cellulose acetate or polyamide resins, mixtures or variations of 
these materials are also used. The cellulose acetate has a relatively smooth surface, 
but still the lack of resistance to fouling is a problem. Polyamide membranes and 
composite membranes commonly use organic materials such as polysulfone which 
has the ability to allow the passage of lower salt concentrations. This type of 
membranes are characterised by a higher stability over a broad range of pHs than the 
cellulose acetate membranes, but are susceptible to degradation by chlorine.
Basically this process requires a pre-treatment step for the removal of substances such 
as algae and bacteria that would interfere with the desalting process. Thus a biocide 
(usually less than 1 mg/1 of chlorine) is used to clean the system. Some RO 
membranes are sensitive to oxidants such as chlorine, therefore, additional chemical
6
treatments may be needed in order to remove the oxidants from the feed water prior to 
membrane passage. Ozone may also be used to remove marine organisms. If the latter 
is used, it must be chemically removed before reaching the semi-permeable 
membrane. A  post-treatment also is needed in most cases to increase the alkalinity of 
the treated water in order to reduce corrosiveness of the water product. Fig. 1.2 shows 
a schematic representation of the reverse osmosis desalination system.
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Fig.1.2 Basic scheme of desalination by reverse osmosis.
b) Nanofiltration, NF9. This desalination technique operates in a similar manner to 
reverse osmosis, but it has some advantages over RO in that a lower operating 
pressure (70 - 140 psi) due to the pore size (0.05 to 0.005 pm) is required and the 
rejection between monovalent and multivalent ions is selective. NF offers a 
comprehensive approach to meet multiple water quality that includes the removal of 
dissolved organic and inorganic contaminants.
Conventional desalination processes tend to require extensive pre-treatment, 
especially when the feed is taken from an open intake for membrane processes. To 
solve seawater desalination problems and minimize the cost of production, 
nanofiltration is used as pre-treatment in reverse osmosis.
c) Electrodialysis, ED7,8. Electrodialysis is an electrochemical technique in which the 
ion transfer process separates salts from water. The principle is that the salts in 
solution are ionized, carrying either a positive or a negative charge. When electrodes 
(connected to an outside source of direct current like a battery) are placed in a 
container of saline water, and an electrical current is passed through the solution, ions 
will migrate to the electrode of opposite charge.
7
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In a saline solution, dissolved ions pass through selected membranes that either allows 
cations or anions to pass through, but not both.
By this arrangement, concentrated and diluted solutions are created in the spaces 
between the alternating membranes. These spaces, bound by two membranes (one 
anionic and the other cationic) are called cells. The cell pair consists of two cells, one 
from which the ions migrate (the dilute cell for the water product) and the other in 
which the ions concentrate (the concentrate cell for the brine stream). The water 
passes simultaneously in parallel paths through all of the cells to provide a continuous 
flow of desalted water and brine emerges from the stack. A schematic representation 
of the desalination process by electrodialysis is shown in Fig. 1.3.
Dilute
— — © —
Conceiv 
trae in
ccntinucus mode
Fig. 1.3 A  schematic representation of desalination by electrodialysis
The seawater needs a pre-treatment to prevent materials blocking the membrane. Also 
a post-treatment is needed which consists of stabilizing the water and preparing it for 
distribution. This post-treatment may consist of removing gases such as hydrogen 
sulphide and adjusting the pH.
d) Electrodialysis Reversal, EDR7,8, EDR has the same general principle as ED, 
except that the cation and the anion reverse to routinely alternate the current flow of 
the system to reduce the fouling tendencies of the water quality by reversing the 
polarity of the electrodes every 15 to 20 minutes. This change in polarity causes the 
disassociation of the scale from the membrane. The recovery rate is around 94 %  due
8
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to the feed water circulation within the system and the alternating polarity. However 
the cost is directly related to the TDS concentration in feed water. This technology is 
best used in treating brackish water with TDS up 4000 ppm and it is not economic for 
higher TDS concentrations as those found in seawater. The membranes can operate on 
waters with up to 0.5 ppm chlorine, making systems tolerant to disinfection.
1.3.2.1 Advantages and disadvantages of Membrane Technologies
Table 1.3 shows the scope and the limitations of the use of membrane technology for 
desalination purposes.
Table 1.3 Advantages and disadvantages of the use of Membrane Technologies 
for water desalination.
Method of 
Desalination Advantages Disadvantages
Suitable for seawater and Low quality (250 - 500 ppm), 
brackish water. Requires high quality feed
Flexibility in water quantity water.
Relatively high capital and 
requirement operational costs are involved.
High pressure requirements. 
Long construction time for large
Reverse Osmosis, RO
and quality.
Low power 
compared with MED and 
VC.
Flexibility in operation, start- plants.
up and shut off. 
Simple operation
Short membrane life and low 
resistant to chlorine.
High membrane replacement 
costs.
Electrodialysis, ED
Low operating and capital Low to medium brackish water
costs. capability (4000 ppm).
Flexible energy sources. Requires careful pre-treatment
High conversion ratio (80 of feed water.
%). Low production capacity.
Low energy consumption. Purity affected by quality of
Low space and material feed water.
requirements.
9
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Having discussed some of the currently used desalination techniques and taking into 
account that this thesis will attempt to design macrocyclic ligands and to investigate 
their interactions with alkali-metal cations, a brief introduction to Supramolecular 
Chemistry is now given.
1.4 Chemistry and Supramolecular Chemistry
Chemistry10 is the Science of Matter and its transformations. According to Modem 
Chemistry, the physical properties of materials are generally determined by their 
structure at the atomic level. This is determined by their properties and interaction 
energies.
Although Supramolecular Chemistry dates back to the end of the nineteen century11, 
in the last few decades it has emerged as a very promising area of research to which 
many efforts have been devoted. According to Lehn definition12 it involves the 
‘ interaction between two or more chemical species to give the supermolecule ’.
The components (receptor and substrate) are held together by intermolecular forces 
such as hydrogen bonding, ion-dipole interaction, n-n interactions, and van der Waals 
forces. These interactions are weaker than those involved in Molecular Chemistry 
(covalent bonding).
The research developed by Cram13'15, Lehn16,17 and Pedersen18 at the end of the 1960s 
and the beginning of the 1970s established the basis for the development of 
Supramolecular Chemistry as a recognised discipline. They were awarded by the 
Nobel Prize in Chemistry in 1987 due to their work in this area.
1.4.1 Host-Guest Chemistry: Cation Recognition
Supramolecular Chemistry is focused on the non-covalent interactions between host 
and guest entities. The host is defined as an organic molecule that possesses binding 
sites through donor atoms (hydrogen bonding or Lewis base donor atoms) capable of 
interacting with molecules or ions (guest). Not only the non-covalent bonding plays
10
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the main role in the interaction process, other factors are required for ionic or 
molecular recognition such as:
i) The flexibility, shape and cavity or hole size of the host.
ii) The pre-organization of the host
iii) The type and number of donor atoms to target specific metal cations
iv) The effect of the solvent (polarity, presence of electron pairs) on the
reactants and the product upon the strength of the complexation
19,20processes 5 .
The quantification of the host-guest interaction in the complexation processes as a 
result of the medium effect and temperature can be investigated by measuring the 
thermodynamic parameters of complexation, such as the thermodynamic stability 
constant (expressed as log K s) and the derived standard Gibbs energy, ACG° as 
well as the enthalpy, ACH° and the entropy, ACS° associated with these processes.
1.4.2 Macrocycle compounds
The interest generated by macrocyclic ligands finds its roots in the extraordinary 
stability of their ionic complexes and their ability to selectively bind certain ions 
while neglecting others11.
In 1964, Moore and Pressman21 discovered that the antibiotic valinomycin, (natural 
macrocycle, Fig 1.4 (a)), shows selectivity for the potassium ions among the alkali- 
metal cations. Since then various other antibiotics and synthetic compounds were 
studied. The investigation of complexes containing natural macrocyclic ligands, 
encouraged efforts towards the development of synthetic macrocycles.
Pedersen22 reported a series of synthetic macrocycles known as crown ethers, Fig. 1.4 
(b) in which varying the size of the ring, the number of ether oxygens and the number 
and the type of constituent groups can alter their selectivity towards alkali and 
alkaline-earth metal cations. This type of macrocycles are generally characterised by 
the presence of a hole rather than a cavity.
11
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Cryptands, Fig. 1.4 (c), were discovered by Lenh16, these are bicyclic compounds 
containing a three dimensional cavity lined by oxygen and nitrogen donor atoms as 
binding sites. These ligands interact with metal cations through ion-dipole interactions 
and with amino acids and ammonium cations through hydrogen bond formation23.
Spherands, (Fig. 1.4 d), first reported by Cram13, possess an octahedral cavity which 
presents strong selectivity for lithium, and to a lesser extent these are able to interact 
with sodium. These ligands discriminate against the larger alkali-metal cations due to 
the rigidity of their intermolecular cavity.
Calixarenes, Fig. 1.4 (e), were discovered by Zinke and Ziegler24 although the 
identification of the product was established by Gutsche and co-workers.25 The term 
calixarene was given due to their cup shape which resembles a calix derived from the 
Greek word chalice and arene refers to the aromatic building block. These 
macrocycles are one of the most versatile compounds. The cyclic tetramer and the pen 
tamer contain two cavities; I) the upper rim (hydrophobic cavity), and ii) the lower 
rim (hydrophilic cavity). The functionalisation of these macrocycles gives a wide 
variety of derivatives able to enter interactions with ions and neutral species.
The complexation properties and the thermodynamics of complexation of these 
macrocycles and metal cations (stability constant, log Ks, standard Gibbs energies, 
ACG°, enthalpies, ACH°, and entropies, ACS° of complexation) in different media have 
been investigated and these parameters are included in a series of papers and review 
articles26'28.
9Q • »Baeyer introduced other family of related macrocycles known as calixpyrroles, Fig.
1.4 (f), which show ability to interact with anionic and neutral guests. The most recent 
investigation on the thermodynamics of complexation and recognition of anions by 
calix[4]pyrrole derivatives was reported by Danil de Namor and co-workers30,31. 
These authors demonstrated that these ligands are able to enter selective interaction 
with biologically and environmentally important anions such as fluorides and 
phosphates.
12
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Fig. 1.4. Structure of a) Valinomycin b) 15-crown-5 c) Dibenzo Cryptand 222 d) 
Spherand e) Calix[4]arene, f) Calix[4]pyrrole
The in vestiga tion  in  th is th esis  is based  on  calixarene d erivatives and their  
com p lexation  w ith  m etal cations. T herefore a b r ie f in troduction  on  calixarene  
chem istry w ill be g iv en  in  the fo llo w in g  S ection .
1.5 Advances in Calixarene Chemistry
The chem istry o f  crow n  ethers and cryptands has been  d ev e lo p ed  in  a rem arkable 
fash ion  over  the past three d ecad es. H o w ev er  the m acrocyc les k n ow n  as calixarenes  
are rece iv in g  in creasin g  attention due to their a ccessib ility . T h ese  can be syn th esised  
in  a s in g le  step reaction  from  ^ -su b stitu ted  p h en o ls and form aldehyde in  alkaline  
m edium 25.
In 1872 v o n  B aeyer32 carried out reactions w ith  resorcinol and a ld eh yd es but 
unfortunately the product obtained  w as uncharacterized. Y ears later N ied erl and  
V o g e l33 p u b lish ed  the resu lts obtained  from  the acid -cata lyzed  reaction  o f  resorcinol
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w ith  aldehydes. T h ey  p rop osed  a c y c lic  tetram eric structure for the crystalline, h igh  
m eltin g  com p ou n d s th ey  obtained, w h ich  are k n ow n  as resorcarenes. T h ese  are sh ow n  
in F ig. 1.5 (a).
Four years later, Z inke and Z ieg ler34 a lso  obtained substances o f  h ig h  m eltin g  points  
by treating //-su b stitu ted  p h en o ls  w ith  form aldehyde in the p resen ce  o f  a base. T h ey  
a lso  postu lated  a c y c lic  tetram eric structure for th ese  com p ou n d s as sh o w n  in  F ig. 1.5
(b)
R
a b
Fig. 1.5 Cyclic tetrameric structures assigned by a) Niederl and Vogel33 and b) 
Zinke and Ziegler34
A dditional w ork  carried out by C onforth  and co-w ork ers ,35 and a lso  b y  the Petrolite  
Corporation36, in  a procedure con sistin g  o f  reflu x in g  //-terA b u tylp h en ol w ith  p a r a -  
form aldehyde under a lkaline con d ition s for several hours led  to the syn th esis o f  a 
cy c lic  tetram eric product in  h igh  y ie ld . T his product w as characterized  by a h igh  
m eltin g  point, w h ite  co lour, and w as found to  be practically  in so lu b le  in water.
M ore recently  G u tsch e37,38 and H ogb erg 39,40 have reported u sefu l m ethods to 
syn th esise  the product obtained  b y  the con d en sation  o f  //-su b stitu ted  phenol and 
form aldehyde in  b asic  m ed ium .
In 1972 fo llo w in g  a research program m e in itiated  at W ash in gton  U niversity , 
G utsche ,38 dem onstrated  that under controlled  con d ition s it w as p o ss ib le  to  syn th esise  
the c y c lic  tetram er, the hexam er and the octam er from  p - te r t -butyl phenol and
14
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form aldehyde under a lkaline con d ition s. G utsche nam ed th ese  com pounds as 
calixarenes.
C alixarenes w ith  odd num bers o f  phenol units such  as the cy c lic  pentam er and the 
heptam er w ere obtained in  very sm all quantities. In response to the esca lating  interest in  
//-substituted  ca lix [5]arenes, im proved procedures w ere introduced .41"43 T he first 
technique reported b y  K am m erer e t  a l44 u sin g  a step w ise  procedure w ith  creso l led  to 
very poor y ie ld s due to the large num ber o f  steps in vo lved . Sub seq u en tly , N in agaw a  
and M atsuda41 reported the first on e step syn th esis  o f  p - te r t -butyl ca lix [5 ]aren e u sin g  
//-tert-b u ty lp h en ol and form aldehyde in  the presen ce o f  p otassiu m  tert-butoxide in  
tetralin. A g a in  a lo w  y ie ld  (6  %) w a s obtained. T h is y ie ld  w a s increased  to  10 -15  % 
by Stew ard and G utche42. F o llo w in g  a sim ilar strategy, Iw am oto  et. a l 43 reported a 
synthetic procedure w h ich  im proved  the y ie ld  to 2 2  %.
1.5.1 Brief description o f the physical properties of calixarenes.
’f l  N M R  stud ies o f  ca lixaren es sh o w  that th ese com pounds present different 
conform ations in  so lu tion . T h ese  are assum ed  to be due to the free rotation  o f  the a  
bonds around the bridging  carbons. In the ca se  o f  ca lix [4 ] and ca lix [5 ]aren es38 the 
orientations o f  the p h en o l units can lead  up to four u p /d ow n  con form ation s (cone, 
partial co n e , 1 ,2 alternate and 1,3 alternate)35 as sh ow n  in  F ig . 1.6 . A s  the num ber o f  
p h en olic  units in creases, the num ber o f  p o ss ib le  structural con form ation s a lso  
increases. Other factors su ch  as the nature o f  the substituents in  the arom atic ring, 
tem perature and so lv en t polarity  can  a lso  p lay  im portant roles o n  the conform ational 
ch an ges that ca lixaren es m ay  undergo.
T he conform ation  o f  ca lix [n ]aren es, (n  =  4 , 5 ) can  be detected  b y  the !H  N M R  sign als  
o f  the m eth y len e  bridges. Indeed a d ifferen ce b etw een  the sign a ls o f  the equatorial 
and the axial protons o f  0 .9  ppm  ind icates a ‘c o n e ’ lik e  conform ation . V a lu es greater 
than A5ax-eq =  0 .9  ppm  are attributed to ca lixarenes in  a ‘fla t’ con form ation , w h ile  
th ose  low er than 0 .9  ppm  indicate that th ese m acrocyc les h ave a ‘d istorted co n e ’ 
conform ation.
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The resonance arising from  the OH groups in the *H N M R  spectra varies w ith  the 
num ber o f  phenol units. T h is ch em ica l sh ift variation is taken as a m easure o f  the 
strength o f  intram olecular hydrogen  bonding b etw een  the OH m o ie tie s  in the low er  
rim o f  ca lix [4 ]aren es. T hus, the greater the va lue, the stronger is the hydrogen  bond. 
T his is particularly strong in ca lix [4 ]aren e ( 5 0 h =  10.34  ppm ) and c a lix [6 ]arene ( 5 0 h 
= 10.53 ppm ), s ligh tly  less  in c a lix [8 ]arene ( 5 o h  =  9 .6 0  ppm ) and w eak  in 
ca lix [5 ]aren e ( 8 q h  =  9 .6 4  p p m )38,45.
Cone Partial cone
Fig. 1.6 Different calix[5]arene conformations
The relatively  h igh  m eltin g  poin ts o f  ca lixarenes are recogn ized  to be a characteristic 
property o f  the phenol units in ca lix[n ]aren es (n  =  4 , 6 , 8 ) w ith  a m eltin g  point o f  
343 °C for ca lix [4 ]aren e g o in g  to 41 8  °C for c a lix [8 ]arene w h ile  for ca lix [5 ]aren e is 
311 °C 38.
Functionalisation  o f  the p h en o lic  hydrogens at the low er rim results in derivatives o f  
low er m eltin g  poin ts than those for the corresponding parent com pounds. A  
representative exam p le  is that o f  the tetram ethyl ester o f  the /^-substituted  
ca lix [4]aren e w h ich  has a m eltin g  point in the 2 2 6 -2 2 8  °C range.
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A  prom inent characteristic o f  parent ca lixarenes is  their lo w  so lu b ility  in w ater and in  
organic so lven ts. In T able 1.4, the so lu b ilities  o fp -te /7 -b u ty lca lix [n ]a ren e  (n  =  4 , 6 , 8) 
in  different n on  aq u eou s m ed ia  at 2 9 8 .1 5  K  are listed 46.
Table 1.4 Solubilities of p-tert-hx\ty\ calix[n], (n = 4, 6, 8) in various solvents at 
298.15 K 46
Solvent"
Calix[4] 
(mol dm'3)
Calix[6 ] 
(mol dm'3)
Calix[8 ] 
(mol dm'3)
MeOH 5.90 x 10'4 - < 1 0 ' 5
EtOH 3.30x1 O'4 - < 1 0 ' 5
DMF 1 . 1 0  x 1 0 ' 3 - 2 . 2 0  x 1 0 '3
MeCN 4.73 x 10'5 - 1 . 6 8  x 1 0 '5
CHCI3 4.34x1 O'3 - 6.23 x 10'3
PHCN 9.47x1 O'4 5.55 x 10'3 1.14 x 10'2
n-Hex 2 . 1 2  x 1 0 ' 4 - 2.51 x 10'5
PhN02 1.83 x 10'2 2.26 x 1 0 '2 2.57x1 O'3
a Solvent abbreviations: methanol, MeOH; ethanol, EtOH; N,N-dimethylformamide, DMF; acetonitrile, MeCN; 
chloroform, C13CH; benzonitrile, PhCN; n-hexane, n-Hex; nitrobensene, PhN02.
T he so lu b ility  o f  ca lix a ren es  can  b e  altered  b y  lo w er  or upper rim  fu n ctio n a lisa tio n  
ev en  rendering  th em  so lu b le  in  w a te r . T h is  w a s  f ir s t  a c h ie v e d  b y  U n g a ro  and  
A r d u in i .47 T h e s e  a u th o rs  p rep a red  th e  tetra-carboxym ethyl ether o f  p - te r t -butyl 
ca lix [4 ]aren e, (F ig . 1 .7  (a)) w h ich  is  so lu b le  in  w ater up to a concentration  o f  5 x 10 '3 
m o l dm '3. F o llo w in g  th is w ork , G utsche and co-w ork ers ,48 syn th esised  a carboxylato  
calix[n]arene (n =  4  - 8), (F ig . 1.7 (b)), w ith  a water solubility  up to 1 x  10 '3 m ol dm'3, 
A lso  the upper rim  functionalisation  o f  /? -su lfon y lca lix [4 ]aren e 49 w ith  diethanolam ine  
resulted  in  a w ater so lu b le  product, (F ig. 1.7 (c)).
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(a) (b) (c)
Fig. 1.7 Water-soluble calixarenes 
1.5.2 Chemical modification of calixarenes
The fo llo w in g  S ectio n  d iscu sses  low er and upper rim fu n ction a lised  ca lix[n ]arenes
1.5.2.1 Fully substituted Lower rim calixarene derivatives
T he low er rim  m on o , d i, tri and tetra fu n ction alised  ca lix [4 ]aren es w ere prepared  
under d ifferent con d ition s by u sin g  a w eak  base K 2C O 3 in aceton itrile  or CS2C O 3 in  
N ,N -d im eth ylform am id e. H o w ev er  th ese  synthetic procedures w ere im proved  by the  
use o f  18-crow n -6 , (1 8 -C -6 ) as a  phase transfer catalyst50. In so m e ca ses , it w as  
necessary  to u se  a strong base such  as N aH  in  a tetrahydrofuran/dim ethylform am ide  
m ixture w h ich  is the reaction  con d ition s com m o n ly  used  for the attachm ent o f  
alkylbrom ide or io d id es to the low er rim  o f  ca lixaren es .51"53
Several functional groups h ave b een  attached to the low er rim  o f  ca lixarenes g iv in g  
rise to derivatives su ch  as esters, ethers, am ines, am ides and k eto n es54. T h ese are 
obtained b y  reacting parent ca lixaren es w ith  a -h a locarb on y l com p ou n d s (a  - e) and  
haloam ines ( f  - g ) as sh o w n  in  S ch em e 1.1. T he u se  o f  18-crow n -6  as the phase  
transfer cata lyst for the syn th esis  o f  ca lixarene derivatives has b een  introduced by  
D anil de N am or and co-w ork ers50. T h ese  authors em p h asised  the n eed  to exp lore the 
u se o f  phase transfer ca ta lysis  for step w ise  fu nctionalisation  o f  parent calixarenes.
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(a) R=CH2COOCH3
(b) R= CH2COOCH2CH3
(c) R= CH2COOCH2CH2CH2CH3
(d) r = c h 2c o c h 3
(e) r = c h 2c o c 6h 5
(6) R=CH2CON(CH3)2
(f) R=CH2CH2N(CH2CH3)2
(g) R= CH2C5H4N
Scheme 1.1. Lower rim fully substituted p-tert-huty\ calix[4]arene derivatives
1.5.2.2 Calix[4]arene derivatives and theirs interaction with mono and bivalent 
cations in non aqueous media
1 2
Fig. 1.8 p-te#tf-butylcalix[4]arene ester, 1 and />h?/7-butylcaIix[4jarene 
acetamide, 2 derivatives
G iven  that th is th esis  is  concerned  w ith  the ester and the am ide derivatives o f  p - te r t-  
b u ty l  ca lix [5 ]aren e and their interaction  w ith  m etal cations, p rev iou s w ork  in th is area 
on cation  com p lex a tio n  in v o lv in g  an a logou s ligands w ill be sum m arised .
The therm odynam ics o f  ca lixaren es chem istry  w as rev iew ed  in  1998 by D anil de 
N am or and co-w ork ers46. T h is group perform ed the m ost detailed  in vestiga tion s so far 
reported on  ca lixaren e ester and ketone derivatives and m etal ca tion s in  n on  aqueous  
m edia.
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C om p lexation  stud ies o f  the ethyl p -te r t-b vX y \  ca lix [4 ]aren e ester, 1 (F ig . 1 .8) and  
alkaline-m etal ca tion s (perchlorates as co u n ter-io n ) w ere first reported b y  M cK ervey  
e t  a l55 sh o w in g  that in  aceton itrile , 1 is se lec tiv e  for L i+ relative to  other cations  
w ith in  th is group. H o w ev er  D an il de N am or e t  a l46 found a d iscrepancy b etw een  the 
valu es reported b y  M e K erv ey ’s G roup and th ose  found by her G roup (see  T able 1.5). 
T his d iscrepancy w a s attributed by D an il de N am or to the lack  in  the se lec tio n  criteria  
in adopting a techn ique su itab le for the determ ination o f  stab ility  constant data. U sin g  
various techn iques it w as estab lish ed  that the se lectiv ity  o f  1  for a lkali-m etal cations  
in  acetonitrile  fo llo w s  the seq u en ce N a + >  L i+ > K + >  R b+ excep t for C s+ w h ich  did not 
sh o w  com p lexation  b y  titration calorim etry. A s far as the enthalpy is  concerned  in  the  
com p lexation  o f  1 w ith  th ese  m etal cations in aceton itrile  ACH° va lu es are all negative  
sh ow in g  that the in teraction p rocess is en thalp ica lly  favoured in  th is so lven t. T hus the  
enthalpic contribution to  the G ibbs energy  o f  the process is  dom inant relative to the  
entropic contribution. In fact the greatest entropy lo sse s  are found  for the m ost  
enthalp ically  stab le co m p lex es . In m o v in g  from  M eC N  to P hC N  the enthalpy term  is 
also  dom inant, h o w ev er  the enthalpy stab ility  d ecreases as the cation  s ize  increases. 
A s far as m ethanol is  con cern ed  in  the com p lexation  o f  1 w ith  a lkali-m eta l cations it 
w as found that the greatest enthalp ic stability  and entropy ga in  are obtained  for the  
co m p lex  o f  h igh est stab ility  (N a+).
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20
Introduction Chapter 1
Table 1.5. Thermodynamic parameters of complexation of 1 and alkali-metal 
cations in non-aqueous solution at 298.15 K
%
Ligand Cation Solvent fog Ks ,6 B s kJ mol kJ mol J mol'1 K
Li+ MeCN46 6 .2° -35.4 -48.8 -45
Li+ MeCN46 6 . 10* . . . — —
Li+ MeCN46 6 . 10* — . . . —
Li+ MeCN55 6A d — — —
Na+ MeCN46 l . T -43.8 -69.2 -85
Na+ MeCN46 1 .9T
Na+ MeCN46 7.53c
Na+ MeCN55 5.8^
Na+ MeCN46 7.82*
K+ MeCN46 4.0e -23.1 -45.8 -76
K+ MeCN55 4.5°
Rb+ MeCN46 2 .0* -11.7 -23.3 -39
Rb+ MeCN55 1.9° — — —
Cs+ MeCN46 — ™ No heat* —
Li+ PhCN46 5.5“ -31.3 -57.2 -86.7
Na+ PhCN46 7.6° -43.3 -50.7 -24.9
Na+ PhCN46 6 .2 * . . . — . . .
IC+ PhCN46 3.5* -20.0 -23.21 - 10.6
Li+ MeOH46 2 . 6 d -14.84 5.0 66.7
Na+ MeOH46 5.0° -28.5 -45.6 57.2
K+ MeOH46 2.4° -13.7 -14.22 -1.7
Rb+ MeOH55 3.1
Cs+ MeOH55 2.7
a Average of UV spectrophotometric, conductometric and potentiometric methods.
* Conductometric method.
* Potentiometric method
d UV spectrophotometric method. 
e Microcalorimetric method.
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C om p lexation  stud ies o f  b iva len t cations and tetraethyl ca lix [4 ]aren e ester derivatives, 
1  in  acetonitrile and the role p layed  o f  the so lv en t in  the com p lex a tio n  process w ere  
reported b y  D an il de N am or and co-w ork ers56. S tability  constant data presented  in  
T able 1.6 clearly  ind icate that the com p lexation  p rocess o f  1 w ith  b ivalent m etal 
cations in  th is so lv en t is  se le c tiv e  and fo llo w s  the trend,
Ca2+ >  Pb2+ >  Sr2+ >  B a2+ >  C d2+ >  H g2+
C ation d eso lva tion  and ligand b ind ing  p lay  im portant roles in  the interaction  process  
o f  m acrocycles and m etal cations. D u e to  the fact that there are fe w  data on  so lvation  
energies (AS0iGo) va lu es for b iva len t m etal cation s in  acetonitrile , the therm odynam ic  
param eters o f  com p lex a tio n  o f  1 and b ivalent cations in  aceton itrile  at 2 9 8 .1 5  K  
(T able 1.6) h ave b een  correlated w ith  the hydration va lu es o f  the appropriate m etal 
cation  (AhG° and AhH0) 57 w ith  the aim  to exp la in  w h ich  o f  the tw o  p rocesses  
predom inate in  the overa ll com p lex a tio n  stability  o f  th is m acro cy cle  w ith  these  
cations. It w a s  co n clu d ed  that in  g o in g  from  B a2+ to Ca2+, the ligand  b inding energy  
overcom es the en ergy  required for cation  d eso lvation , h avin g  a m axim u m  peak for  
Ca2+. H ow ever  in  g o in g  from  C a2+ to M g2+ the b inding en ergy  is n ot enough  to 
overcom e that o f  the d eso lv a tio n  process and con seq u en tly  the stab ility  o f  the  
com p lex es in  th is so lv en t decreases. T he an alysis in  term s o f  enthalpy (see  p lot o f  
ACH ° versus AhH°, F ig . 1 .9) for b ivalent cation s in  acetonitrile  sh o w s a sim ilar pattern 
to that sh ow n  in  term s o f  standard G ibbs en erg ies w ith  the ex cep tio n  o f  lead for w h ich  
the enthalpy o f  com p lex a tio n  is m ore exoth erm ic than that for the ca lc iu m  com p lex  
w ith  the sam e ligand  in  th e sam e so lven t.
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Fig. 1.9 ACH° values for 1 against AhH°of bivalent metal cations in acetonitrile at
298.15 K
Table 1.6. Thermodynamic Parameters of Complexation of 1 and Bivalent Metal 
cations in Non-Aqueous solvents at 298.125 K 20
%
}
Ligand Cation Solvent log Ks ACG° kJ mol'1
ACH° 
kJ mol*1
ACS°
J mol^K'1
1 Ca2+ MeCN 8.2* -46.2 -53.8 -25
Sr2+ MeCN 5.4° -30.5 -37.6 -24
Ba2+ MeCN 4.3° -24.8 -29.6 -16
Pb2+ MeCN 7.4* -42.2 -59.7 -59
Cd2+ MeCN 4.1c -23.3 -22.4 3
Hg2+ MeCN 3.7C -2 1.0 -2 1 .1 -0.3
a Direct macrocalorimetry. 
b Competitive macrocalorimetry. 
c Direct microcalorimetry.
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A s far as the p - te r t -butyl ca lix [4 ]aren e  tetradiethylacetam ide 2 , (F ig . 1 .8) is  concerned  
the results presented  in  T able 1 .758,59, sh o w  the com p lexation  stud ies o f  th is ligand  
w ith  alkali-m etal cations in  acetonitrile  at 2 9 8 .1 5  IC. It w as not p o ss ib le  to  determ ine  
the therm odynam ic param eters ( lo g  K s and h en ce ACG °) o f  L i+, N a + and K + and 2 due 
to their h igh  stab ilities in  th is  so lven t, w h ile  the enthalpy o f  co m p lex a tio n  o f  2  and 
alkali-m etal ca tion s w ere  determ ined  and w ere found to  be favourable. R egarding the 
entropy o f  com p lex a tio n  o f  2  and L i+, N a + and K + in acetonitrile, th is  param eter cou ld  
not be calculated . T herm odynam ic data for R b+ and C s+ and 2  in  acetonitrile  sh ow  
that the p rocess is  en th a lp ica lly  favoured.
M ovin g  from  aceton itrile  to m ethanol, the receptor 2  sh o w s preference for sod ium  
am ong the alkali-m etal cation s at 2 9 8 .1 5  IC. Inspection  o f  T ab le  1.7 sh o w s that the  
com p lexation  p ro cesses  is en th alp ica lly  controlled  for all the cation s ex cep t for L i+ in  
th is so lven t. T he m o st n egative  va lu e  is found for sod ium . T he entropy va lu es m ay be  
favourable (ACS° > 0 )  as in  the ca se  o f  R b+ and C s+. T he form ation  o f  the L i+-2 
co m p lex  in  m ethanol is  accom p an ied  b y  a favourable enthalpy and entropy term s, 
h ow ever the ACG° is  en trop ica lly  controlled  in m ethanol.
O n the other hand the com p lex a tio n  o f  the calixarene d erivative 2  w ith  C a2+ and Sr2+ 
in m ethanol is en th a lp ica lly  favoured , h o w ev er  the co m p lex  stab ility  is en tropically  
controlled . (T able 1 .7) A s  far as the B a2+ cation  is concerned  the com p lexation  
process is  en th alp ica lly  unfavoured  in  m ethanol at 2 9 8 .1 5  IC and it is  entropically  
controlled .
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24
Introduction Chapter 1
Table 1.7. Thermodynamic parameters of complexation of 2  with alkali and 
alkaline-earth metal cations in M e O H  and M e C N  at 298.15 K 58,59
f t
o/
y=0
>
Ligand Cation Solvent Method IogKs ACG° kJ mol'1
ACH° 
kJ mol'1
ACS°
Jm ol’K'1
2 Li+ MeOH CalMacro 4.1" -22.2 -7 50
MeCN Pot. > 8.5* >-48.4 -55 > -2 2
Na+ MeOH Pot. 1.9° -45.0 -50.6 -20
MeCN Pot. > 8 . 5 b >-48.4 -79 >-103
K+ MeOH Pot. 5 . 8 C -33.1 -42.4 -31
MeCN Pot. > 8 . 5 b >-48.4 -64 >-52
Rb+ MeOH UV 3 . 8 d -2 1.6 -17.5 13
MeCN CalMacro 5 . 7 b -32.5 -37.2 -17
Cs+ MeOH CalMacro 2 . 5 C -14.0 -9 17
MeCN CalMacro 3.5" -19.9 -26 -20
Mg2+ MeOH UV l.2d -- - -
Ca2+ MeOH Pot. >9° -51.3 -25 >88
Sr2+ MeOH Pot. > 9 C -51.3 -10 >138
Ba2+
a __
MeOH Pot. 7 . 2 ° -41.0 2.5 144
Direct potentiometric titration
Competitive potentiometry using the silver electrode.
UV spectrophotometic method
1.5.3 Complexation studies o f calix[5]arene derivatives
a) Complexation with univalent metal cations
A rnaud-N eu e t  a l .60 reported the com p lexation  o f  p  substituted  calix[5]arene  
pentaalkyl ester d erivatives (3a, 3b and 4 , F ig. 1 .10) and alkali-m eta l ca tion s (chloride
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as counter-ion  in  m ethanol and perchlorate or nitrate in  aceton itrile) at 2 9 8 .1 5  IC u sin g  
U V  spectrophotom etric and potentiom etric m ethods as detailed  in  T able 1.8
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3a R = CH2COOCH3 4 R = CH2COOCH3
3b R = CH2COOC2H5
Fig. 1.10 Calix[5]arene derivatives used for interaction studies with univalent 
cations
A n a ly sis  o f  the data in  T able 1.8 sh o w s the in flu en ce o f  p ara -su b stitu en ts in the  
com p lexation  p rocess o f  th ese  ligands w ith  the sm allest ca tion s (L i+ and N a+ as 
reflected  in  the stab ility  constants (lo g  K s) in  m ethanol. T he authors su g g ested  that the  
in flu en ce o f  the p ara -su b stitu en t is due to the better f lex ib ility  o f  the p - te r t -octy l 
derivative, 4  relative to the p -b en zy l ca lix [5 ]aren e, 3 a  lead in g  to a better pre­
organization  o f  the h yd rop h ilic  cav ity  o f  the ligand to interact w ith  the sm allest 
cations. It w a s p oin ted  out that the stab ility  constant increases in  g o in g  from  one  
so lv en t (M eO H ) to another (M eC N ). H ow ever  the e ffec t is  m ost rem arkable for the  
L i+-3 a  com p lex . Indeed  no co m p lex  form ation w as found in  m ethanol w h ile  a 
co m p lex  o f  relative w ea k  stab ility  w as obtained in  acetonitrile ( lo g  K s =  3 .5 )60. The  
authors exp la in ed  th is find ing  in  term s o f  the low er so lv a tio n  o f  the cation  in  
acetonitrile than in  m ethanol. U nfortunately  the so lva tion  o f  the ligand  and the m etal­
ion  co m p lex  in  th ese  so lv en ts  w a s not considered .
A  striking feature is ob served  w ith  the A g + co m p lex  w ith  3a and 4 sh o w in g  higher  
stab ilities in  M eC N  than in  M eO H  and th is is  contrary to the exp ecta tion s from  the 
very  h igh  so lva tion  o f  A g + in  M eC N . T h is statem ent finds support in the stab ility  
constants o f  A g + and 3a and 4 w h ich  w ere found to  be h igher in  aceton itrile  than in  
m ethanol d esp ite o f  the fact that th is cation  is far better so lvated  in  the form er relative
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to the latter so lven t as reflected  in  the AtG° va lu es (data based  on  the P h 4A sP h 4B  
con ven tion ) from  m ethanol to  aceton itrile61.
Table 1.8 Stability constants of 3a, 3b and 4 and univalent cations in MeCN and 
M e O H  at 298.15 K 60
3a R = CH2COOCH3 4 R = CH2COOCH3
3b R = CH2COOC2H5
M eO H M eC N
Cation
3a 
log K»
3b 
log K,
4
log Ks
3a 
log K,
3b
log K.
4
log K,
L i+ - 2.5° 2.3° 3.5" 3.5" 3.9"
N a + 2 .6" 3.1° 4.5° 4.2" 4.8" 5.0"
K + 5.1" 5.2° 5.3* 5.1° 5.5" 6 .2"
R b+ 5.5° 5.3°
5.1°
5.7*
5.63" 5.8" 6.5"
C s+ 5.3° 5.3°
5.5°
5.4*
5.3" 5.2" 6 .1"
A g + 3.8" -
3.8°
3.9*
5.5" 5.5" 4.1"
a UV Spectrophotometric measurements 
b Potentiometric measurements
B ell et. a l l 2 in vestigated  the com p lexa tion  properties b etw een  p - te r t -butyl 
ca lix [5 ]aren e, 5 and ca lix [5 ]aren e  ketone d erivatives, 6a-6b, (F ig . 1 .11 ) w ith  alkali 
m etal cations in  m ethanol at 2 9 8 .1 5  K. T he authors u sed  U V  spectrophotom etric and 
potentiom etric tech n iq u es to estab lish  the strength o f  com p lexation  (T able 1.9). T hese  
data sh o w  that th ese  ligands d iscrim inate against the sm allest cation s (L i+, N a +), but 
d oes not present any se lec tiv ity  for the largest ca tion s (IC+, R b+ and C s+) in  m ethanol. 
T hey a lso  in vestigated  the therm odynam ic param eters o f  C s+ co m p lex es  w ith  all these  
ligands u sin g  calorim etric titrations (T able 1.10).
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5 R = Bu' R1 = CH3 
6a R = H R1 = Bu* 
6b R= H R1 = CH3
F ig . 1 .11  C a lix [5 ]a r e n e  k e to n e  d e r iv a tiv e s
A s far as the C s+ co m p lex  is  concerned , the substitution  o f  the m eth y l group by a ter t-  
butyl group in  6 a g iv e s  as a  result an increase in  the enthalpy, o f  co m p lexation  in  
m ethanol from  ACH° =  -1 4  to -35  kJ m o l ’ 1 (T able 1 .10). T h is w as attributed to  
different factors, i) the h igher b asic ity  o f  the carbonyl o x y g en s due to  the presen ce o f  
te r t-b u ty l  groups, ii)  the lo w er  so lva tion  o f  the ligand due to  the steric hindrance o f  
the te r t-b u ty l  group rela tive to the m ethyl m o iety  and iii)  a better pre-organization  o f  
the ligand in  m ethanol.
X -ray crystallo  graphic stu d ies o f  the sod iu m  and rubidium  co m p lex es  o f  the p - te r t-  
b u ty l  ca lix [5 ]aren e k eton e derivative, 5  reveal that the co m p lex es  adopt distorted  
‘c o n e ’ conform ations and a lso  sh o w  that on e o f  the te r t-butyl groups is  p itched  aw ay  
from  the upper rim  cav ity . T h is e ffec t  is  m ore pronounced  for the R b+ than for N a+.
In the sod iu m  co m p lex , the cation  is held  b y  eigh t coordination  s ites  provided  by the  
o x y g en  donor atom s, w h ile  the rubidium  cation  is coordinated to s ix  o x y g en  donor  
atom s in  the co m p lex .
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Table 1.9 Stability constants of 5 with, 6a and 6b with univalent metal cations in 
M e O H  at 298.15 K 62
log K s
R eceptor L i+ N a + K + R b+ C s+
5 <  1.5° <1.5" 3.34" 3.6" 3.22"
6a < 1 .5 ° 4.8" 5 .6 7 b 5 .8 1 6 5.84*
6b <  1.5° <1.5" 3.1" 3.2" 3.1"
a UV spectrophotometric measurements 
b Potentiometric measurements
Table 1.10 Thermodynamic parameters of complexation of 5, 6a and 6b with Cs+ 
in M e O H  at 298.15 K 62
Receptor ACG° (kJ mol1) ACH° (kJ mol1) ACS° (J mol^K'1)
5 -18.4 -15.0 1 0
6 a -33.3 -35.0 -7
6 b -18.0 -14.0 13
Barrett e t  a l l 3 studied  the com p lexa tion  o f  /?-te/T-butylcalix[5]arene ester derivatives 
(7  and 8 ) (F ig . 1 .12) w ith  a lkali-m etal cations and A g + (as ch lorid es) u sin g  U V  
spectrophotom etric and potentiom etric tech n iq u es in  m ethanol at 2 9 8 .1 5  K. The data 
indicate that ligands 7  and 8  h ave a h igher affin ity  for the largest cation s (K +, R b+, 
C s+) than for the sm allest on es (L i+ and N a+). T his is  reflected  in the stability  
constants, lo g  ICs, o f  7  and 8  w h ich  sh o w  a sligh tly  se lec tiv ity  for R b+ and K + 
resp ectively  tow ards other m etal ca tion s in  th is so lven t (T able 1 .11).
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n = 5 n = 4
7 R = CH2COOC2H5 7a R = CH2COOC2H5
8 R = CH2COOC4H9 8a R = CH2COOC4H9
Fig. 1.12 Calix[5]arene ester derivatives
A  com parison  o f  the co m p lex a tio n  behaviour o f  7 and 8 w ith  a lk ali-m eta l cations
(T able 1.11) w ith  the related ca lix [4 ]aren es, 7a and 7b included  in  the sam e T able,
sh o w s that th ese  ligan d s are le ss  se lec tiv e  tow ards N a +. T he authors su g g est that th is
change in se lec tiv ity  is due to the increase o f  the cav ity  s iz e  in  g o in g  from  the
tetramer to  the pentam er w h ich  seem s to be too  large for N a +. H o w ev er  the pentam er  
is a better co m p lex in g  agent for the largest cations. T he strength o f  com p lex a tio n  o f  7, 
8, 7a and 8a w ith  the s ilv er  ca tion  is  a lm ost the sam e w ith  the c y c lic  tetram er and the  
pentam er in  m ethanol.
Table 1.11 Stability constants (log K s) of 7 and 8 with alkali metal and silver 
cations in M e O H  at 298.15 K 63.
n = 5 n = 4
7 R = CH2COOC2H5 7a R = CH2COOC2H5
8 R = CH2COOC4H9 8a R = CH2COOC4H9
Receptor L i+ N a + . ■ 
o 
?N 
TO
+ 
2*
R b+ C s+ A g +
7 1 .0 ° 4.4* 5.3* 5.6* 5.5* 4.0*
7a 2 .6° 5.0° 2.4* 3.1* 2.7* 4.0*
8 1.5° 5.1* 6 . 1 * bo 5.3* 4.3*
8a c 4 .7° 4.0* c c c
" UV Spectrophotometric measurements 
b Potentiometric measurements 
* Not measured
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b) Complexation Studies o f  calix[5]arene derivatives with organic guests
Fig. 1.13 The structure of the 1,3-bridged calix[5]arene crown, 9.
A m eck e  and co-w ork ers64 reported the interaction o f  the 1,3-bridged  ca lix[5]arene  
crow n, 9  (F ig . 1 .13) in  the ‘c o n e ’ like conform ation  w ith  quaternary am m onium , 
phosphon ium  and im in iu n  ion s in  C D C I 3  at 3 0 3 .1 5  K  (T able 1 .12) by u sin g  JH  N M R  
technique. E x ten siv e  ion-pair form ation is lik e ly  to take p lace  in  th is so lven t (lo w  
dielectric constant). T herefore the h o s t-g u e s t  interactions in  ch loroform  are exp ected  
to be in flu en ced  b y  the nature o f  the counter-ion . W ith in  th is con text, the data 
reported in  T ab le 1 .12  can  o n ly  be regarded as ‘apparent’ stab ility  constants. T hese  
are lik e ly  to b e  concentration  dependent. T he authors found that 1:1 co m p lex es  are 
form ed and the in teraction  takes p lace  in  the electron ic  rich reg ion  o f  the arom atic 
ring o f  the ca lixarene d erivative w ith  the polar head groups o f  the g u ests (cation -71 
interactions). In sp ection  o f  lo g  K s va lu es revea ls that th is h o st d o es not sh o w  
se lec tiv ity  for any o f  the quaternary salts. H o w ev er  stud ies o n  the interaction  o f  this  
ligand w ith  a cety lch o lin e  iod id e  reflect the role o f  the so lven t, sh o w in g  that the  
interaction is  w eaker in  acetone relative to ch loroform . T his b ehaviour su ggests that 
in  polar so lv en ts , cation  -71 interactions overcom e the h igh  so lva tion  o f  the host or/and  
guest.
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Table 1.12. Apparent stability constants and Gibbs energies of complexation of 
the calix[5]arene crown, 9 with organic molecules" in non-aqueous 
solvents at 303.15 K 64.
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Guest Solvent log Ks ACG
CDC13 1.67* -9 .61
C D C I3 1.34* -7 .94
O Jv C D C I3 1.32* -7 .5 2
o - + C D C I3 1.85* -1 0 .8 7
t t  c C D C I3 1.70* -10 .03
C D C I3 1.32* -7 .52
9 C D C I3 1.73* -10 .03
0 9 C D C I3 1.38* -7 .9 4
9
C D C I3 1.36* -7 .9 4
a Counter-ion iodide unless otherwise stated. 
b 'H NMR method. 
c Counter-ion chloride
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10a R = (CH2)CH(CH3)2 
10b R = <CH2)2OCH{CH3)2 
10c R = CH2C 02CH(CH3)2 
10d R = CH2C02C(CH3)3
Fig. 1.14 Structure of calix[5]arene receptors investigated for their interaction 
with alkylammonium cations
T he function a lisa tion  o f  ca lix [5 ]aren e w ith  lo n g  chain  and bu lky  pendant arm s (i.e . 
(C H 2)2O C H (C H 3)2) (F ig . 1 .14) w ith  the aim  to m aintain  the ‘c o n e ’ lik e  conform ation  
o f  the m acrocycle  and their com p lex a tio n  properties w ith  a lkyl am m onium  cations  
w as in vestigated  b y  A rn aud-N eu  and co-w ork ers65. Through !H  N M R  studies  
in v o lv in g  10a - lOd receptors and four isom eric  butylam m onium  picrate salts in a 
ch loroform :m ethanol (CDC13:C D 30 D ;  9:1; v /v )  so lv en t m ixture the form ation o f  1:1 
co m p lex es w as found. D u e  to  the h igh  degree o f  endo com p lexation  for the n B u N H 3+ 
ion , relevant lo g  K ass v a lu es cou ld  not be a ssessed  by th is m ethod . T herefore the  
associa tion  constants w ere obtained by U V  spectrophotom etry and b y  the extraction  
m ethod in  CHC13 saturated w ith  w ater, as sh ow n  in  T able 1.13. In so lv en ts  o f  lo w  
dielectric constant su ch  as ch loroform  or w ater-saturated ch loroform , w h ere ion  pair 
form ation b eco m es im portant, it is  com m on  to defin e  an ‘a sso c ia tio n  con stan t’, K ass, 
w h ich  refers to  the fo llo w in g  p rocess,
M +X ~  ( s )  +  L ( s )  ->  LM*X~(s ) (eq . 1 .1)
in v o lv in g  ion-pairs rather than free ion s. It is  im portant that, not to  co n fu se  K ass and 
K s as th ey  refer to tw o  d ifferent p ro cesses46.
T he data reflect that the receptor lOd has se lec tiv ity  for the n B u N H 3+ cation  and also  
th is receptor d isp lays the strongest co m p lex es  w ith  all isom eric  butyl am m onium  
salts. C om p lexation  o f  th ese  ligan d s w ith  organic salts fo llo w s  the order,
lOd > 10a > 10c > 10b.
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Table 1.13. Association constants (log K ass) of isomeric BuNH3+ ions (picrate salts) 
with lOa-lOd in CI3C H  saturated with water at 298.15 K 65
10a R = <CH2)CH(CH3)2 
10b R = (CH2)2OCH(CHj)2 
10c R = CH2C 0 2CH(CHj)2 
10d R = CH2C 0 2C(CHj)3
Ligand nBuNH3+ iBuNH3+ sB uN H 3+ tBuNH3+
10a 5.80* 3.72* 3 .6 * 3.16*
10b 4.68* 3.26* 3.24* 3.02*
10c 5.32* 3.69* 3.60* 3.50*
lOd 6.47* 4.09* 3.80* 3.49*
a UV spectrophotometric technique
Studies o f  p -tert-b u ty l ca lix [5 ]aren e, 11 w ith  isom eric  (o-m -p) carboranes (C 2B 10H 12) 
in  C D C I 3  u sin g  lH  N M R  sp ectroscop y  w as in vestigated  b y  Clai'k and co-w ork ers66. 
T h ese  authors reported that n - n  interactions b etw een  the C -H  groups o f  the carborane 
and the arom atic ring o f  the ca lixarene are in vo lved . Jobs p lots sh o w s the form ation  
o f  co m p lex es  o f  1 : 1  sto ich iom etry  for all the isom eric  carboranes and associa tion  
constants (lo g  K ass) o f  6 .4  for the o-carborane co m p lex , and 3 .8  w ith  the m -carborane  
w ere reported H o w ev er  it w a s  n ot p o ssib le  to  determ ine the strength o f  interaction o f  
p-carborane w ith  receptor 11 in  th is so lven t due to the relatively  w ea k  b inding. X -R ay  
crystallographic stud ies revea ls that the o-carborane is em bedded  into the cav ity  o f  the  
p -tert-buty l ea lix [5 ]aren e as sh ow n  in  F ig . 1.15.
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Fig. 1.15 The p-tert-butyl calix[5]arene complex with o-carborane, 11
A tw ood  and co -w ork ers67 studied  the fu llerene (C 7o) - 1 2  co m p lex  re-crysta llized  with  
to luene. G iven  the sm all n eed le  crystals obtained, th is cou ld  not be an alysed  by X  ray 
crystallography. On the other hand the co -crysta lliza tion  o f  fu llerene ( C 7 0 )  and 
calix [5 ]aren e u sin g  //-x y le n e  afforded sm all rectangular crystals su itab le for X -ray  
studies . T h is in vestiga tion  revealed  the form ation o f  a 1:1 co m p lex  through van der 
W alls interactions. H o w ev er  they con clu d ed  that the so lven t p lays a structural role in 
the so lid  state o f  the co m p lex  by in flu en cin g  the resu lting structure. A lthough  
fu llerene ( C 7 0 )  en tities  p o sse ss  a sym m etric f iv e -fo ld  rotation ax is , upon com p lexation  
th is f iv e -fo ld  a x is  p roduces an angle  o f  approxim ately  40° relative to ca lix[5]arene. 
Fig. 1.16.
Fig. 1.16 The asymmetric unit of calix[5]arene-fullerene (C70) complex.
/o
Iw am oto et. a l  reported the syn th esis  and com p lexation  properties o f  a ca lix [5 ]aren e  
capped Zn-porphyrin d erivative, 13, (F ig . 1 .17) w ith  organic m o lecu le s  (pyridine  
derivatives) in CI3C H  at 2 9 8  K. T hey a lso  report the G ibbs en ergy  o f  com p lexation  
(ACG °), (see  T able 1 .14) con clu d in g  that the rich n  e lectrons in the hydrophobic cavity  
o f  the ca lixarene enhance the ab ility  o f  the Z n-porphyrin m oiety  to interact w ith
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pyridine d erivatives sp ec ia lly  th ose w ith  non-bu lky substituents, such  as 4-  
m ethylpyridine. T herefore the se lec tiv ity  o f  pyrid ine derivatives d epends on the size  
o f  the alkyl substituent.
Fig. 1.17 Calix[5]arene capped Zn-porphyrin derivative, 13.
Table 1.14 Stability constants (log Ks) of 13 with pyridine derivatives in CI3C H  
at 298 K 68
G uest log Ks ACG, kJ moF1
Pyridine 4 .1° -2 3 .5
4-M eth ylp yrid in e 4 .5° -2 5 .6
4-/erf-buty lpyrid ine 3.5* -2 0 .4
4 -p h en ylp yrid in e 3.3* -1 9 .0
3 ,5 -D im eth y lp yrid in e 3.4* -19 .3
0 UVspectrophotometric method
A  hetero-tetratopic receptor based on  tw o  con verg in g  ca lix [5 ]aren e d erivatives linked  
at the upper ring by m ean s o f  a 1 ,4-b is (ureido) ph en ylen e spacer, 14, (F ig . 1.18)  
(an ion  b inding s ites) to  target lo n g -c h a in  a -co-a lkaned iy ld iam m onium  d ich loride salts 
w as in vestigated  by G arozzo69. T he receptor has the property o f  en cap su latin g  long- 
chain  a-co-a lk an ed iy ld iam m on iu m  d ich loride salts, (C g-C ^) on  the electron  rich 
cav ity  o f  the ca lix [5 ]aren e  d erivative and its counter-ion  interacts w ith  the N H  o f  the 
ureido m oiety  by h ydrogen  bond form ation.
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RZ =: (CH^CH(CH^
Fig. 1.18 The l,4-bis(ureido)phenylene calix[5]arene isohexyl derivative, 14.
The binding process o f this receptor was investigated by !H NMR and mass 
spectroscopy (ESI-MS) in tetrachloroethane:methanol (2:1 v/v) and chloroform: de­
dimethyl sulfoxide (3:2 v/v). It was reported that 1:1 inclusion complexes are formed 
between receptor 14 and a-co-alkane-diyldiammonium dichloride salts. An inspection 
of Table 1.15 shows that the salts (C12 and Ci6) with the longest carbon chains are 
more tightly bound to 14 relative to Cg and C10 salts.
Table 1.15 Association constants (log Kass) o f a-co-alkane-diyldiammonium  
dichloride salts with receptor 14 in CDCE/de-DMSO (3:2 v/v) at 
295.15 K  6 9
H3N+(CH2)n+NH3.2Cr log Kass
n = 8 2.3"
n = 10 2.2"
11= 12 3.4"
n =  14 —
11 = 16 3.4"
a ‘H NMR technique
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1.6 Applications o f calixarenes
The recognition that calixarenes are able to form inclusion complexes with metal 
cations along to their properties as molecular receptors or enzyme mimics 
(derivatives with ligating functional groups), led to the application o f these 
macrocyclic compounds in different areas o f research including the industrial field.
1.6.1 Calixfnjarenes as extracting agents for metal cations
The extraction of metal cations from water to different solvent systems has received 
considerable attention. The calixarene to be selected for extraction purposes depends 
on the metal-ion to be targeted.
Ethyl ester derivatives o f  p-tert-butyl calix[n]arene, (n= 4 - 8 )  have been used for the 
extraction o f alkali-metal cations (Li+, Na+, K+, Rb+ and Cs+) (as picrates) from 
aqueous solution.70 This process involves the removal o f alkali metal-picrates from 
an aqueous medium through a water immiscible solvent in the presence o f  
calixarenes. Extraction rates have shown that the tetramers, the pentamers and the 
hexamers derivatives are efficient and selective ionophores for alkali-metal cations 
except the octamer. The tetraester shows to be selective for the removal o f the 
sodium cation from water while caesium is the best extracted cation when the 
calixarene hexaester is used as a receptor in the water-dichloromethane solvent 
system at 298.15 K.
Fig. 1.19 shows the extraction percentages o f alkali-metal cations by calixarenes 
derivatives versus their ionic radius. These data demonstrate that in the water- 
dichloromethane solvent system, the p-tert-butyl calix[5]arene ester derivative is a 
better extracting agent than the calix[4] and calix[6] arene ester derivatives.
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Etcalix[5]
A Etca!ix[6]
Elcalix[4)
1.6 2 
Ionic radius (A)
Fig. 1.19 Extraction percentages o f alkali-metal picrates by calixarene ester 
derivatives against ionic size of alkali metal cations in the water- 
dichloromethane solvent system at 298.15 K71.
The extraction o f alkali metal cations from water to organic media (dichloromethane, 
chloroform and benzonitrile) by calixarene derivatives has been reported by Danil de 
Namor and co-workers72'75taking into account all the processes taking place in the 
extraction. The equilibrium involved in the extraction o f 1:1 electrolytes from water, 
H20  (saturated with the organic solvent) to the organic media, s (saturated with 
water) in the presence o f the ligand, L, can be discussed using the following 
Scheme73.
M + (H20 ) + X - (H20) + L((H20 ) - K^ H20) > ML+ (H20) + J T (H20 )
Kr KpL K
M +(s) + X - ( s ) + L(s) ~ ^s(s) > M L \ s )  +  X ~ ( s )
Ka KpL=l K’f
MX~ (s) + L(s) K,ass -> MLX(s) (eq. 1.2)
Scheme 1.2 Extraction equilibria for 1:1 electrolytes by the calixarene 
derivatives in water-nonaqueous media.
39
Introduction Chapter 1
In the above Scheme, Kp, K’p and Kpl  are the partition constants o f the free, the 
complex electrolyte and the ligand respectively in the mutually saturated solvents, Ka 
and K’a denote the ion-pair formation constants between the free and the complex 
cation with the anion in the water saturated organic phase while Ks (H2O), Ks (s) and 
K a s s n  are the stability constants o f the metal-ion complex in water (saturated with the 
organic solvent (CH2C12) and in the organic solvent, s, (saturated with water) and the 
association constant respectively. It was indicated that the parameters in the mutually 
saturated solvents may differ significantly from those in the pure solvents.
Distribution data involving 1:1 electrolytes in water-nonaqueous solvent systems in 
the absence o f the macrocycle ligand were used to derive the partition constant, Kp, o f  
the electrolyte in the mutually saturated solvent system (eq. 1.3) and the ion-pair 
formation constant, Ka, (eq. 1.5) in the water-saturated organic phase. Combination o f  
eqs 1.3 and 1.5 leads to the calculation o f the distribution constant, Kd, refereed to the 
process defined in eq. 1.7. Kp, Ka are defined in terms o f concentrations by eqs 1.4,
1.6 and 1.8.
M + +  X  (H2 0 ) ------ ^—> M + (s )  + X  ( s ) (eq. 1.3)
P  [M +](H2o )
(eq. 1.4)
M +(s) + X ~(s)  > M X(s) (eq. 1.5)
[ M k r tO O
K
[M +] [ X l ( i )
(eq. 1.6)
(eq. 1.7)
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[M+X ] 0 )
K d  = “ t t -----------—   (**!• 1 •»)[M \(H20).[X  ](ff2 o>
The distribution, Dm+, o f  the metal-ion in both phases can be expressed as follows,
[ < ] ( »
D “ + =   (eq- L9)\M r ](H20)
In eq. 1.9, Dm+, [M 7, ](,v) and[jV/7. ]{H20) denote the distribution o f  the metal-ion,
the total concentration o f  the metal-ion in the organic and water phase respectively. 
Therefore eq. 1.9 can be expressed as follows,
M*(s)  + M*X0 )
d m+ =  ~~+  (eq.1.10)
M  (h 2o )
Eq. 1.11 implies that ionic species are predominant in water, while ion-pairs and ions 
are the speciation in the water saturated organic phase. The following equation 
previously reported by Danil de Namor and coworkers72 75 was used to derive Kp and 
Ka values from the distribution data, DM+.
Du*  = < 2 + < \ [ W +](s) (eq. 1.11)
The process involving ionic species in water (M+, X') and a macrocycle ligand in the 
organic phase L to give the fully associated electrolyte in the nonaqueous phase as 
shown in eq. 1.12.
K
M + ( H 2 0 )  + X~ ( H 2 0 )  + L (s )  ^ ~ > M +LX~(s)  (eq. 1.12)
In this eq., K ex denotes the extraction constant.
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From the distribution o f the metal cation (eq. 1.10) in the organic and in the water 
phase, the extraction constant, Kex and distribution constant, Kd can be calculated.
M +X~ (s) + M + (5) + M+L(s)
Dm+ = ~~l (eq. 1.13)
M (H20 )
In eq. 1.13, M+L (S) denotes the concentration o f the complex in the organic phase. 
Due to the fact that the concentration o f the dissociated metal-ion in the organic phase 
is very small this can be neglected. Therefore eq. 1.14 can be expressed as,
M +X ~  ( s )  + L M +(s )
D = -------------------------------  (eq. 1.14)M
M  (H20 )
Introducing in eq. 1.14 Kd and Kex, the following relationship was derived,
D +
= K d + K J L ] ( s ) (eq. 1.15)
It should be noted that Kd values can be obtained from two independent methods 
using eq.1.17 (Kd = Ka.Kp) and eq. 1.15.
As far as the p-tert-butylcalix[4]arene tetraethylethanoate, 1, is concerned, partition 
and extraction constant data for alkali-metal picrates by this ligand in the water- 
dichloromethane, water-benzonitrile and water-chloroform solvent systems at 298.15 
K are shown in Figs. 1.20 and 1.21 respectively. Comparison o f these data (Fig. 1.18) 
shows that the partition constant o f alkali-metal picrates increases as the dielectric 
constant o f the solvent increases. From Fig. 1.19 is can be seen the extraction ability 
o f the ligand shows a selective behaviour for Na+ over other univalent cations in H2O 
- CH2CI274, H2O -  CI3CH75 and H2O -  PhCN73 solvent systems at 298.15 K . As far as 
Li+, Na+ and K+ (as picrates) are concerned the experiment shows that the extraction 
constant Kex values are more favourable in H2O - PhCN relative to H2O - CH2CI2
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solvent systems. This higher extraction in the H20-PhCN solvent system is due to the 
more favourable partition constants for these electrolytes from water to benzonitrile.
0.6 0.95 1.33 1.48 1.67
Ionic Radius (A)
Fig. 1.20 Plot of the partition constants of alkali-metal cations against their ionic 
radius in different water- nonaqueous solvent systems at 298.15 K.
w
0E+07 
8E +07- 
6 E+ 07 - 
4E + 0 
2 E+ 07 - 
0E + 07 - 
0E+06 - 
0E + 06 - 
0E + 05 - 
0E + 06 - 
0E+00
Li+0.6 Na+0.95
®Chlor-water solvent system 
■ DCM-water solvent system 
□ PhCN -w ate r s oIv e n t system
K*
1.33
Rb+
1.48
Cs
1.67
Ionic radius (A)
Fig. 1.21 Plot of the extraction constants against the ionic radius of alkali-metal 
cations in different organic-water solvent systems at 298.15 K.
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1.6.2 Separation and purification o f neutral molecules
i) Separation o f xylene isomers
The separation o f xylene isomers by //-alkyl calixarenes has been published by Perrin 
et al76. According to their findings, selective complexation takes place when equal 
quantities o f o-, m- and //-xylenes are mixed with different calixarenes. Thus, p- 
isopropyl calix[4]arene is selective for //-xylene, while //-isopropyl-bis-homo-oxa 
calix[4]arene for o-xylene.
Vicens and co-workers77 have also reported the separation o f xylenes from a mixture 
o f the three isomers (ortho, meta and para) by extractive crystallisation using p-  
isopropyl calix[4]arene. The crystals obtained were dissolved in chloroform and 
injected into a gas chromatographer (using nitrogen gas as carrier) to determine the 
ratio o f xylene present in the solid state at 200 °C. The results show that this receptor 
extracts 84 % o f o-xylene, while only 16 % o f //-xylene is extracted by this ligand.
ii) Purification o f fullerenes
Fullerene molecules consist o f 60 (buckminsterfullerene, C6o), 70 (buckyballs, C70) or 
a higher number o f carbon atoms, which take the form o f a hollow sphere, an 
ellipsoid, or a tube respectively. C60 and C70 are used as high-temperature 
superconductors. Fullerenes occur only in small amounts naturally, but several 
techniques are used to prepare these materials from the discharge or vaporization of 
graphite.
Almost simultaneously three research groups, (Williams and co-workers78, Atwood 
and co-workers79 and Shinlcai and co-workers80), isolated a solid calixarene complex 
o f C60 by mixing toluene solutions o f /z-tert-butylcalix[8]arene and C60. Two 
recrystallizations o f the complex (initial composition 89 % C60 and 11 % C70) yielded 
a material o f 99.5 % purity from which C60 was obtained. One year later, two patents 
were granted to Atwood’s81 and Shinkai’s Groups82
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The X-ray crystal structure o f the 1:1 complex o f p-tert-butylcalix[8]arene and C6o 
has not been obtained, however molecular mechanics studies83 suggest that it takes 
the form o f a micelle-like trimeric aggregate as shown in Fig. 1.22.
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Fig. 1.22 Schematic representation of the complex of p-tert-butyl calix[8 ]arene- 
C(,o complex.
Recent studies reported in the literature84, demonstrated that in toluene, the p-benzyl 
calix[5]arene is able to host C6o (Fig. 1.23). Using high-precision densitometry, Isaacs 
et al. 84 measured partial molar volume changes taking place upon complexation of 
this macrocycle and C6o- Their results have shown that two toluene molecules are 
displaced from the cavity o f the host by C6o when the complex is formed.
Fig. 1.23 Schematic representation of p-benzyl calix[5]arene and its complex 
with C6o.
iii) Separation o f aromatics and alkenes from gaseous hydrocarbon mixtures
A recent patent issued to Tennison and Weatherhead85 states that calixarene 
derivatives (Fig. 1.24) can be used for the removal o f aromatic and/or alkenes
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compounds (particularly benzene) from gaseous hydrocarbon mixtures by varying the 
pressure and temperature until saturation vapour pressure o f the hydrocarbons is 
reached. This is followed by the absorption o f the hydrocarbon and/or alkenes by the 
calixarene from the mixture, The aromatic compound is desorbed by reducing the 
pressure and sweeping it with an inert gas. The hydrocarbon is collected by 
condensation. They claim that up to six benzene units per calixarene molecule can be 
selectively removed.
R -  Conjugated double bond system 
Ri -  Hydroxy, ester or other substituent 
n = 4, 6, 8
Fig. 1.24 Calixarene derivatives used to remove aromatics or alkene compounds 
from gaseous hydrocarbon mixtures.
iv) Removal o f halogenated hydrocarbons from water supplies
The chlorination o f water supplies to improve water quality86 is accompanied by 
undesirable side reactions, i.e., reaction o f chlorine with naturally occurring humic 
and fill vie acids resulting in the formation o f tri-halomethanes. These side reactions 
increase the presence o f  contaminants in water supplies with carcinogenic properties 
such as chloroform as well as dichlorobromane, dichlorobromomethane and bromo- 
form if  bromide ions are also present.
Wainwright87 patented the use o f non-solvated calixarene compounds such as p-tert- 
butyl calix[6]arene for the removal o f tri-halomethane molecules with high rates o f 
reaction, leading to the formation o f highly stable inclusion complexes.
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1.6.3 Ion selective electrodes
Due to the difficulties encountered in the use o f  sodium selective glass electrodes 
for clinical purposes, lipophilic calix[4]arenes carrying carbonyl functional 
groups in the lower rim have been used as polym eric membranes for the design o f 
sodium selective electrodes. These show a higher and more reliable performance than 
the former electrodes for the detection o f this cation in human body fluids such as 
blood, serum and urine.88
Another development in ion-selective electrodes is the use o f membranes containing 
calix[4]arene tetrathioamide (Fig. 1.25) for the detection o f lead. Thus ion selective 
electrodes containing this macrocycle appear to be more efficient than the 
commercially available solid state lead electrode.89
Fig. 1.25 Structure o f the calix[4]arene tetrathioam ide used as an ionophore 
for the design o f lead ion selective electrodes.
In addition calix[4]arene derivatives containing oxygen, nitrogen and sulphur donor 
atoms in their pendant arms have been prepared and used as ion selective electrodes 
for metal cations such as silver90 (Fig. 1.26 (a)) and heavy metal cations such as lead91 
(Fig. 1.26 (b)). Electrodes based on calixarene esters were developed for the 
determination o f very low concentrations o f heptanal.92
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COOH
(a) (b)
Fig. 1.26 Structures of calix[4]arene derivatives used for the design of in ion 
selective electrodes for (a) silver and (b) lead.
O'}
Giannetto designed an ion selective electrode for n-butylannonium ions based on a 
calix[5]arene isohexyl derivative in the presence o f inorganic ions such as Na+. The 
kinetic contribution has been demonstrated by FRA (Frequency Response Analysis). 
It consists o f measuring the impedance o f  the transformer windings over the range o f 
frequencies and comparing the results o f these measurements with a frequence set, 
using coated wire electrodes with the same membrane composition.
2.6.4 Polymer-bonded calixarenes
The selectivity o f some functionalised calixarenes for a particular metal cation has 
been explored previously by different techniques. Among these, extraction 
processes or membrane systems were used for the separation o f  ions and neutral 
molecules.49 The latter technique experiences a steady loss o f the ligand from the 
membrane or the organic layer containing the calixarene during the process. To 
overcome this problem, a number o f calixarene derivatives have been attached to 
polymeric backbones in such way that their inherent properties remain 
unchanged94’96. However, calixarene based polymers have just begun to receive 
attention.
These new polymers have to be processed into suitable materials for bu ild ing  up 
chem ical sensor dev ices such as ion selective electrodes and 
filtration/extraction membranes.97’100 Yilmaz and co-workers,101’103 reported the
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synthesis o f polymers o f lower and upper rim functionalised calixarenes and their 
interactions with alkali and transition metal cations. H am s et a l.m  have prepared a 
polymeric calixarene complex with Na+, an analogue to that reported by Shinkai.105 
In doing so p-(chlorosulphonic) calix[6]arene was reacted with poly(ethylene- 
amine). Adou reported the incorporation o f calixarenes into polyvinyl chloride and 
polystyrene. This method o f polymerization involves mono-functionalisation o f the 
calix[4]arene followed by the introduction o f a spacer and further incorporation onto 
the methylacrylate co-polymer (Fig. 1.27). This polymer is capable o f interacting with 
metal ions.106
R = CH2CH2OCFI2CH3 
X = CN, Ph, COOCH3
OR OR
Fig. 1.27 Acrylate - calix[4]arene ester
1.7 Modification o f the silica surface
Silica can be easily modified and used for different purposes. The modification o f the 
surface can be achieved by:
i) physical treatment (thermal or hydrothermal) leading to changes in the 
silanol and siloxane concentration ratio o f the silica surface.
ii) Chemical treatment that alters the chemical characteristics o f the silica 
surface.
Modification o f the silica surface either by physical or chemical treatment leads to a 
wide range o f applications107.
Modification o f silica with organo-alkoxy-silanes (methyl-tri-methoxy-silane, MTMS, 
methyl-tri-ethoxy-silane, MTES, vinyl-tri-methoxy-silane, VTMS, and vinyl-tri-ethoxy- 
silane, VTES) was performed in two steps:
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i) Addition o f organo-alkoxy-silanes to an acidic silica dispersion to give a 
insoluble precipitate and
ii) Hydrolysis o f the precipitate to give a homogenous solution108.
Ion-chelating organic molecules are usually bonded to a silica surface via covalent 
grafting. However, most o f ion-chelating agents do not contain appropriate functional 
groups for chemical modification. In this situation, physical adsorption o f the chelating 
agent on the solid support is usually performed. This can be carried out through van der 
Waals interactions between the methyl groups on the silica surface and the carbon chain 
o f the chelating agent. For example, hydrophobic interactions between methyl groups of 
di-chlorodimethyl silane, SiCl2(CH3)2 or chlorotripropyl silane, SiCl(CH3H7)3 
immobilized silica and the carbon chain o f di-2,4,4-trimethylpentyl phosphonic acid 
(Alanine 333) 109
An organic ligand containing carboxydrazone functional groups was prepared on the 
silica surface by Jal et al,107 The ligand was anchored onto the silica matrix following 
several steps (Scheme 1.3).
i) Chemical modification o f the silica gel by dibromobutane,
ii) Treatment with malonic acid and
iii) Reaction with hydrazine in different media. (Scheme 1.3 )
?H
Si
n h 2n h 2.h 2o
Reflux (iii)
Scheme 1.3. Carboxyhydrazone functionalised silica
NaOME
CH2(COOC,H5
(ii)
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1.7.1 Calixarenes anchored to modified silica
Lee et a /.110 reported a silica bonded calix[6]arene-p-sulfonate (Fig. 1.28) stationary 
phase which has been used in the reversed phase separation o f mono-substituted 
phenols (cresol, methoxyphenol, nitrophenol and chlorophenol).
o=s=o
Na
Fig. 1.28 Silica-bonded lower rim functionalised calix[6 ]arene-p-sulfonate
The removal o f p-tert-butyl groups from calixarenes provides an excellent site for 
polym erisation since the active sites o f  com plexation are not affected by this 
m odification. Using the principles described for the synthesis o f  silica-bounded 
calixarene derivatives111, silica-gel bonded calixarenes were prepared via modification 
o f the para-position.
From the development o f the field o f calixarene chemistry and their ability to interact 
with ionic and neutral species, investigations were extended to prepare a sol-gel-coated 
calixarene for the solid-phase extraction o f chlorinated pesticides from water112,113, 
(Fig. 1.29 (a)). A partially lower rim functionalisation calix[4]arene containing tertiary 
amines, (Fig. 1.29 (b)) attached to modified silica has been used by Danil de Namor and 
co-workers for the removal o f chlorinated acid herbicides from water114.
51
Introduction C hapter 1
ch, ch3 9 H3 ?h3
I ch3 ch3 ch3
Fig 1.29 Calix[4]arene derivatives attached onto silica support for the extraction 
of chlorinated pesticides from water.
The removal o f heavy metal cations from contaminated sources is an area o f priority
concern. Particularly attention is paid to the removal o f mercury and its speciation
from water due to the toxicological impact o f these species on human health. Danil de 
Namor and co-workers grafted the amino tiophosphorus calix[4]arene derivative (Fig. 
1.30) onto the modified silica for the removal o f mercury (II) from aqueous 
solution115.
Fig. 1.30 A calix[4]arene derivative attached onto silica support for the 
extraction o f mercury from aqueous medium.
Li and co-workers116 reported the use o f calix[4]arene l,3-bis(allyloxyethoxy)ether 
grafted onto modified silica for the separation o f toluidine and naphtol isomers as well 
as polycyclic aromatic hydrocarbons.
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Aims o f the work
The versatile behaviour o f calixarene derivatives in different media and their 
complexation with metal cations together with the possibility o f  chemical 
modification o f these ligands through lower and upper rim functionalisation 
encouraged an investigation into the search for suitable ligands to be incorporated into 
modified silica and to be used for the removal o f cations from water. However 
fundamental research is required prior exploring the practical applications o f these 
receptors. Based on
i) The efficient extraction o f alkali-metal cations by calix[5]arene derivatives 
previously reported and discussed in the introduction and the lack of 
thermodynamic data on these systems.
ii) The availability o f  data for the complexation process involving 
calix[4]arene derivatives and metal cations in various solvents. Therefore, 
the aims o f this thesis are summarised as follows,
a) To synthesise and fully characterise (m icroanalysis, }H and 13C NMR) 
calix[5]arene derivatives containing hard donor atom s able to interact 
w ith alkali and alkaline-earth m etal cations.
b) To assess quantitatively the strength o f cation-ligand interactions in 
different solvents through the therm odynamic characterisation o f these 
systems using various analytical techniques. In doing so, !H N M R  will 
be used to establish the sites o f  interaction o f the receptor with the 
cation, while conductance measurements will be performed to establish 
the composition (or stoichiometry) o f the complexation process. 
Calorimetry (macro and micro) are to be used to derive the strength o f 
complexation (stability constant) o f the metal-ligand complex as well as 
the enthalpy associated to these process. Stability constant data are to be 
checked by potentiometry.
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c) To evaluate the outcome o f this investigation with those previously 
reported55'59 for calix[4]arene derivatives and metal cations in the same 
medium.
d) To select the most suitable ligand for desalination purposes and to graft 
it into modified silica.
e) To explore the extracting properties o f the calixarene modified silica for 
the removal o f metal cations from water and to recycle the material.
A schematic representation o f the strategy adopted in this research is given in Scheme
1.4
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2. Experimental Part
Chemicals used in this research, their abbreviations, suppliers and degree o f purity are 
given as follows.
E xperim ental P a rt C hapter 2
Solvent
Acetonitrile
Chloroform
Diethyl ether
Dichloromethane
Ethanol
n-Hexane,
Methanol
T etrahydrofurane
Toluene 
1,2 ,3,4
T etrahydronaphtalene
Abbreviation Supplier
Fisher 
Scientific 
Fisher 
Scientific 
Fisher 
Scientific 
BDH 
Hayman 
Limited 
Fisher 
Scientific 
Fisher 
Scientific 
Fisher 
Scientific 
Aldrich
Aldrich
Degree o f Purity (as 
reported by the 
Supplier)
HPLC, 99.9 %.
Reagent 99 %
Reagent 99 %
Reagent 99%
99.98 %.v/v
9 9 %
HPLC, 99.99 %
HPLC, 99.99 %
99.99 %
9 9 %
c h 3c n
C13CH
( c 2h 5)2o
CH2C12 
EtOH
n-Hex
MeOH
THF 
Tol
Tetralin
Chemical used for Organic Synthesis
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Chemical Abbreviation Supplier
Purity
Grade
Aluminium chloride 
anhydrous
AICI3 Aldrich 99.9 %
3 -(Aminopropy l)trimethoxy 
silane
ATS Fluka 9 7 %
18-Crown-6 18-C-6 Fluka 99 %
Ethyl bromoacetate - Aldrich 98 %
2-Chloro N,N,diethyl- 
acetamide
- Aldrich 97 %
M agnesium sulfate M g S 0 4
Fisher
Scientific
99.99 %
p-Hydroxyacetophenone p-HA Aldrich 9 9 %
p-Formaldehyde - Aldrich 95 %
Potassium carbonate 
anhydrous
k 2c o 3
Fisher
Scientific
99.99 %
Potassium Pbutoxide KBut Aldrich 9 5 %
Silica gel 60 (0.035-0.070 mm) - Fluka
Sodium hydride NaH Aldrich 99.9 %
Formaldehyde solution - Sigma 37%
Hydrochloric acid, 0.1 M 
(Standard solution)
HC1 Fisher
Analytical
standard
Potassium chloride, KC1
Fisher
Scientific
9 9 %
Tris(hydroxy)aminomethane THAM Sigma 99%
❖ Metal Cation Salts
Perchlorate salts o f lithium (LiC104.nH20 ); sodium (NaC104.H20 ); potassium 
(KCIO4.11H2O); rubidium , (RbClCti.nHaO); caesium (CsC104.nH20 ); magnesium 
(Mg(C104)2.2H20 ); calcium (Ca(C104)2.4H20 ); strontium, (Sr(C104)2.2H20 ); barium 
(Ba(C104)2.nH20); nickel (Ni(C104)2.6H20); lead (Pb(C104)2.nH20); copper 
(Cu(C104)2.6H20); silver (AgC104.H20 ); zinc (Zn(C104)2.6H20); cadmium 
(Cd(C104)2.H20) and mercury (Hg(C104)2.H20) were purchased from Aldrich and dried
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over P4O10 under vacuum for several days before use. The absence o f a water peak in 
the NMR spectra upon addition o f metal cation salts indicated that these salts were dry.
Lithium chloride hydrate, (LiCl.FfeO); sodium chloride hydrate, (NaCl.H20 ); potassium 
chloride hydrate, (KCI.H2O); magnesium chloride hexahydrate, (MgCftftFkO); Calcium 
chloride hydrate, (CaCE-FLO); purchased from Fisher Scientific were dried in vacuum for 
24 hours at 100 °C.
2.1 Purification o f solvents
Acetonitrile1 1 1 , was refluxed over calcium  hydride (CaFfy) in a round-bottom ed 
flask fitted w ith a condenser. The mixture was refluxed under a nitrogen 
atmosphere. The middle fraction o f the distilled solvent was collected and used. The 
water content was determined by the Karl Fisher titration technique and it was 
found to be less than 0 .01%.
Methanol11*, was placed in a round-bottomed flask fitted with a condenser. Then 
magnesium turning and iodine were added. The mixture was refluxed for two hours 
afterwhich a portion o f methanol was added. The refluxing was continued for 
another hour. The m iddle fraction was collected over A4 activated molecular 
sieves 118. The water content was determined by the Karl Fisher titration technique 
and it was found to be less than 0.02 %.
Tetrahydrofuran119, was refluxed with potassium hydroxide for two hours and the 
refluxed solvent was transferred to a round-bottomed flask charged with sodium 
metal and benzophenone and then refluxed once again under a nitrogen atmosphere. 
The middle fraction was collected and used.
Toluene120 was treated with anhydrous CaCfy, filtered and then placed over metallic 
sodium in a round-bottomed flask fitted with a reflux condenser and a drying tube 
containing CaCl2. The mixture was refluxed for two hours. The middle fraction o f the 
distilled solvent was collected and used.
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Chloroform, dichloromethane, n- hexane, ethanol, 1, 2, 3, 4 tetra-hydronaphatalene 
and diethyl ether were used without further purification.
The solvents used for NM R measurements were deuterated acetonitrile (CD3CN, 
Euriso-Top, 99.8 % D) packaged under argon, methanol (CD3OD, Euriso-Top, 
99.8%), chloroform (CDCI3, Cambridge Isotope Laboratories INC., 99.8 %), 
tetramethylsilane (TMS, Fluoro Chem. 99.9 %). These were used without further 
purification.
2.2 Purification o fT H A M 12'
Tris(hydroxymethyl) aminomethane, (THAM, Sigma, 99% )121 was used to perform 
the standard reaction in calorimetry. This was purified by recrystallising it from water 
and methanol. The solution under constant stirring was left to cool at room 
temperature and then crystals were obtained and filtered off. These were dried at room 
temperature for 24 hours and stored in a vacuum desiccator for three days before use.
2.3 Synthesis o f  macrocycles
2.3.1 Synthesis o f  5, 11, 17, 23, 29 penta-tert-butyl 31, 32, 33, 35-penta  
hydroxy calix[5]arene, (Calix[5J)122
In a 500 ml three-necked round bottomed flask equipped with a Dean-Stark water 
collector and a condenser, p-terf-butylphenol (15.0 g, 99.85 mmol), p-formaldehyde 
(10.0 g, 252.0 mmol.) and potassium t-butoxide (3.4 g, 26.0 mmol) were mixed in 
tetralin (200 ml). The mixture under continuous stirring, was refluxed at 55 °C for 2 
hours and then at 150 °C for a period o f 3 hours. After cooling, the precipitate was 
removed by filtration. The filtrate was concentrated to 40 ml under reduced pressure. 
The precipitate form ed in this residue was rem oved by filtration. The filtrate was 
concentrated to dryness by rotary evaporation under reduced pressure and the solid 
obtained was recrystallized from ethanol. The mixture was left for several days and 
the crystals obtained were dried under vacuum at 200 °C. A schematic representation 
o f the procedure used is shown in Scheme 2.1
E xperim ental P a r t C hapter 2
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Scheme 2.1. Procedure used for the preparation o f Calix[5]
The product obtained in 9 % yield was characterised by *H and 13C NM R and mass 
spectroscopy. The melting point was found to be in the range 308-312°C. MS (FAB) 
m/z 810.4 [M+], Elemental analysis was carried out at the University o f Surrey, 
Calculated %; C, 81.44; H, 8.70; Found %; C, 81.28; H, 8.84.
‘H NM R (300 MHz, in C D C I3); 6 (ppm), / (H z ) ;  8.64 (s, 1H, Ar-OH), 7.21 (s, 2H, 
ArH), 3.73 (br, 2H, Ar-CH2Ar), 1.46 (s, 9H, -C-(CH3)3).
13C N M R  (300 M Hz) (CDCI3), 5C ppm; 147.60 (Ar-OH), 144.04 (o-A r), 126.29 
(p-A r), 125.68 (m-Ar), 33.94 (C(CH3)3), 31.61 (ArCH2Ar) and 31.48 ((C(CH3)3).
2.3.2 Synthesis o f  5, 11, 17, 23, 29 p-tert-butyl-31, 32, 33, 34, 35 
pentaethanoate calix[5]arene, Li
In a 250 ml three-necked round bottomed flask, p-tert-butyl calix[5]arene (1.0 g, 1.29 
mmol), potassium carbonate (1.5 g, 10.32 mmol) and 18-Crown-6 (0.075g, 0.03 
mmol), were suspended in dry acetonitrile (150 ml). The mixture was left under 
continuous stirring for half an hour. This was followed by addition o f ethylbromo 
acetate (0.87 ml, 7.81 mmol). The reaction mixture was left overnight at 65 °C under 
an inert atmosphere. The reaction was m onitored by TLC using a hexane:ethyl 
acetate (4:1) m ixture as the developing solvent system. A fter cooling, the solvent 
was removed under reduced pressure. The oil afforded was dissolved in 
dichloromethane, extracted with an aqueous solution o f HC1 and with two portions o f 
distilled water. The organic phase was dried with m agnesium  sulphate. The 
dichloromethane was removed by rotary evaporation and the solid obtained was
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recrystallized from a mixture o f methanol-chloroform, (2:1). The crystals furnished 
were left in the pistol drier at 60°C under CaCl2. A schematic representation o f the 
procedure used is shown in Scheme 2.2.
BrCH2COOC2H5 
K2C03/CH3CN
OH
Scheme 2.2. Procedure used for the preparation o f Li
The product obtained in 75-78 % yield, was characterised by and 13C NM R 
and mass spectroscopy. The MS (FAB) m/z was 1242.1 [M+], Elemental analysis 
was carried out at the University o f Surrey, Calculated %; C, 72.55; H, 8.12; Found 
%; C, 72.70 ;H , 8.10.
'H  NM R (300 MHz, in CDCI3); 8 (ppm), (Hz); 6.88 (s,2H, A r-H ), 4.81 (d, 2H, 
J=14.41, Ar-CH 2 ax-Ar), 4.62 ( s, 2H, 0 -C H 2-CO), 4.23 (q, 2H, 0 -C H 2-CH3), 3.35 
(d, 2H, 7=14.71, Ar-CH2 eq-Ar), 1.29 (t, 3H, CH2.CH3), 1.07 (s, 9H, -C-(CH3)3).
I3C NM R (300 MHz) (CDC13) 8c ppm; 170.16 (CH2-CO), 152.13, 145,71, 133.39, 
125.88 (Ar), 70.89 (0-C H 2-CO), 60.83 (0-C H 2-CH3), 34.0 (C-(CH3)3) 31.34 
((C(CH3)3), 30.30 ( Ar-CH2Ar) and 14.21 (CH2.CH3).
2.3.3 Synthesis o f  5, 11, 17, 23, 29 p-tert~butyl-31, 32, 33, 34, 35 
pentadiethylacetamide calixfSJarene, L2.
In a 250 ml, three-necked round bottomed flask, /?-terf-butylcalix[5jarene (1 g, 1.29 
mmol), 18-crown-6, (0.075 g, 0.3 mmol) and potassium carbonate, (2 g, 14.47 
mmol), were suspended in dry acetonitrile (150 ml). The mixture was left under
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continuous stirring for half an hour. This was followed by the addition o f 2- 
N ,N ,d iethyl acetam ide (1.3 ml, 9.8 mmol). The reaction mixture was left for two 
days at 65 °C under a nitrogen atmosphere. The reaction progress was m onitored 
by TLC using a hexane:ethyl acetate (4:1) m ixture as the developing solvent 
system. A fter cooling, the solvent was removed under reduced pressure. The 
powder afforded was dissolved in dichloromethane, extracted with an aqueous 
solution o f HC1 (0.2 mol.dm"3) and then twice with distilled water. The organic phase 
was dried with magnesium sulphate and filtered. The dichloromethane was 
removed by rotary evaporation and the solid obtained was recrystallized from an 
acetonitrile:chloroform, (4:1) solvent mixture. The crystals furnished were left in the 
piston drier at 60°C under CaCL.
The product obtained in 70 % yield, was characterised by lU and 13C NM R and 
mass spectroscopy. MS (FAB) m/z 1377.6 [M4]. Elemental analysis was carried out at 
the University o f Surrey. Calculated %; C, 74.14; H, 9.15; N, 5.09; Found %; C, 
72.77; H, 9.27; N, 5.23 (plus one molecule o f acetonitrile). A schematic 
representation o f the procedure used is shown in Scheme 2.3.
N,N diethylacetamide
k 2c o 3/c h 3c n
OH
r
u
Scheme 2.3. Procedure used for the preparation o f L 2
‘H NM R (300 M Hz, in CDC13); 6 (ppm), J  (Hz); 6.9 (s, 2H, A r-H ), 4.99 (d, 2H, 
J=14.11, Ar-CH2 ax-Ar), 4.75 ( s, 2H, O-CH2-CO), 3.40 (q, 2H, O-CH2-CH3), 3.32 
(d, 2H, J=14.41, Ar-CH2 eq-Ar), 1.11 (t, 3H, CH2.CH3), 1.02 (s, 9H, -C-(CH3)3).
13C NM R (300 MHz) (CDCI3) 5c ppm; 168.44 (CH2-CO), 153.43, 144.84, 133.21, 
125.72, (Ar), 72.38 (0-CH2 -CO), 41.27, 39.83 (N-CH2-CO), 33.88 (Ar-CH2Ar) 31.21 
(C-(CH3)3) 30.21 ((C(CH3)3), and 14.30,13.02 (CH2 .CH3).
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2.4 Solubility studies
Solubility measurements were carried out for 5, 11, 17, 23, 2 9 p  -tert-butyl- 31, 32, 33, 
34, 35 penta hydroxyl calix[5]arene and its derivatives L i and L 2 in several solvents at
298.15 K.
2.4.1 Procedure
Saturated solutions were prepared by adding an excess amount o f the appropriate 
compound to the solvents under investigation. These mixtures were left for several 
days in a thermostat bath at 298.15 ± 0.02 K until the equilibrium was attained.
Aliquots o f the saturated solutions in the appropriate solvent were placed in different 
porcelain crucibles (which had been previously dried and accurately weighed). The 
solvents were evaporated until constant weight. Blank experiments showed that the 
solvents had no im purities. A nalysis was perform ed at least tw ice on the same 
equilibrium mixture.
Solvate formation was checked in all solvents by exposing small amount o f the 
compound to a saturated atmosphere o f the appropriate solvent. The samples were 
weighed from time to time to check for any uptake o f solvent.123
2.5 1H  NMR studies
!H NMR measurements were recorded at 298 IC using a Bruker AC-300E pulsed 
Fourier transform  N M R spectrom eter. Typical operating conditions for routine 
proton measurements involved "pulse" or flip angle o f 30°, spectral frequency (SF) o f 
300.137 MHz, delay time o f 1.60 s, acquisition time (AQ) o f 1.819 s, and line 
broadening o f  0.55 Hz. Solutions o f  the samples in question (0.5 ml) were prepared 
in the deuterated solvent and placed in 5 mm N M R tubes using TMS as the internal 
reference.
2.5.1 Cation complexation studies by 1H  NMR
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The complexing behaviour o f ligands Li and L 2 with metal cations was studied in 
solution using the NM R technique. C om plexation m easurem ents w ere carried 
out by adding a m etal-ion  salt, (as perchlorate), (7.0 x 10'3 - 2.0 x 10‘2 mol dm'3) into 
the NMR tube containing the appropriate ligand (9.0 x 10‘4 - 1.2 x 10“3 mol dm'3) in 
CD3CN or CD3OH. Stepwise additions o f the appropriate metal-cation salt in the 
solvent o f interest were made until chemical shift changes ceased. Proton chemical 
shifts o f the free and changes for the complex ligand were measured in the given 
solvent.
2.6 Conductometric measurements
Conductometry124 is an electrochemical method in which the electrical conductance of 
the sample (containing ions) is measured. In this technique, an alternating electrical 
current is applied to the electrodes while measurements are carried out. 
Conductometric measurements are based on O hm ’s law, (eq. 2.1) which relates the 
voltage to the current, I (amperes) and the resistance, R (ohms). This relationship 
states that the potential difference, E (voltage) across a conductor is proportional to 
the current, through it.
E  = I .R  (eq. 2.1)
Hence,
The conductance, G, is defined as the reciprocal o f the resistance, R  (Q). (eq. 2.3). 
The units o f  conductance are Siemens, S (Q '1).
G = 1  (eq. 2.3)
The resistance o f  a solution containing an electrolyte at a given concentration and at 
a constant tem perature is directly proportional to the distance, 1 (cm) between the
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platinised electrodes, and inversely proportional to the cross-sectional area A 
(cm2) o f the electrode as shown in eq. 2.4.
R = p j  (eq. 2.4)
A
In eq.2.4, p  is the specific resistance or resistivity. Taking into account eqs. 2.2 and
2.4, it follows that:
r, A A _ 1 / , „ rxG = —  - k ~  or R = ------ (eq.2.5)
p.I I k  A
In eq. 2.5, k  (Q_1 cm '1) is known as the specific conductance and it is the reciprocal 
o f p. The MA ratio is usually referred to as the cell constant. Both parameters, G and R 
are temperature and concentration dependent. The conductivity o f a solution 
depends on the number o f ions present in solution, and it is often expressed in 
terms o f the molar conductance, Am defined in eq. 2.6.
IOOOjt
In eq. 2.6, c represents the concentration o f the electrolyte on the m olar scale (mol 
dm "), k  denoted conductivity. Conductance measurements were performed in 
order to determine the composition o f the metal-ion complexes formed between the 
ligand and the appropriate cation.
2.6.1 A ppara tus
The conductimeter consists o f two components:
i) The W ayne- Kerr B642 is an Autobalance Universal Bridge for the 
measurement o f impedance. During the conductance measurements, the magnitude o f 
the capacitance and the conductance are monitored on the two meters. Each of these 
meters has four decades, which are operated in succession by small signals. The 
sensitivity o f  the meter can be switched to one o f these normal positions to adjust the
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apparatus manually. The accuracy o f  the bridge was determined by its internal 
sources and it was found to be 0.1 % for all decades in use125.
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ii) The conductivity cell consists o f a cylindrical vessel o f 50 ml o f capacity, 
containing a pair o f  black platinum electrodes which are connected to two external 
side tubes filled with mercury. Samples were injected through the small hole placed 
on the cap o f the cell. Nitrogen gas was passed through prior to measurements to keep 
the solution free o f carbon dioxide. The temperature was maintained at 298.15 K using 
a thermostated water bath connected to the vessel.
2.6.2 Determination o f the cell constant at 298.15 K
For the determination o f the cell constant, an aqueous solution o f potassium chloride 
was used. Thus, volumes o f KC1 (0.1 mol dm'3) were injected in the conductivity cell 
containing deionised water. For this puipose, a gas-tight plastic syringe was used. All 
measurements were carried out at 298.15 K.
Molar conductance, Am (S. cm2 m ol'1), was calculated using the equation o f Lind, 
Zwolenik and Fouss124. (eq. 2.7)
A m = 149.43 -  96.45.c1/2 + 58.74.C log ,c + 198.4.C (eq. 2.7)
In eq. 2.7, c is the m olar concen tration  o f  the KC1 so lu tion  used in these 
experiments.
Thus, the cell constant, 6 (cm '1) was calculated from the following equation,
0 = A|,,C (eq. 2 .8)
1000.5 V 4 ’
In eq. 2.8, S (Q \  siemens) is the reciprocal of the resistance, R.
66
E xperim ental P a rt C hapter 2
2.6.3 Conductometric titrations o f salts with the macrocycle in non aqueous media 
at 298.15 K
Conductometric titrations o f the metal-cation, (as perchlorates) with ligands L i and L2 
were carried out in acetonitrile and methanol at 298.15 K. To perform these 
measurements, the conductometric cell was filled with an accurately weighed 
amount o f the m etal-ion salt solution (5 x 10"4 -  5 x 10'5 m ol.dm '3) in the 
respectively solvent (25 ml). Then, the electrode were inserted into the cell. The 
closed system was placed in a thermostated bath. After thermal equilibrium was 
achieved, accurate aliquots o f the ligand (8 x 10'3 -  6 x 10'4 mol.dm'3) were added 
into the cell using a hypodermic syringe.
2.7 Thermodynamics o f complexation
There are several techniques currently used for the determination o f stability constant 
data for complexation reactions involving metal cations and macrocyclic ligands. 
However the suitability o f these techniques is largely dependent on the magnitude o f 
the stability constant. For the determination o f the stability constant o f  metal-ion 
complexes in nonaqueous media, the methodology currently used for the 
determination o f the stability constant can be divided under two main headings46:
i) Methods that are dependent on the concentration (activity) o f  one o f the species in 
solution such as:
Calorimetry. This is one o f the most versatile techniques used for the determination of 
the stability constant o f the ligand:metal ion complex and the enthalpy associated with 
the process. The limitations o f this method lie in the magnitude o f the stability 
constant (log Ks < 6).
Conductometry. With this technique it is possible to determine both, the composition 
and the stability o f the ligand metal-ion complex. This method is strongly dependent 
on the concentration o f  the metal ion, and it is suitable for the determination o f log ICS 
values ranging from 2 to 5.
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U V  - visible spectrophotometry is a method used commonly to establish the stability 
constant o f complex formation based in the variation o f the macrocycle absorbances. 
This method works properly within the range o f log Ks values from 2 to 5.
NMR. This technique is useful in the determination o f the stability constants and to 
assess the conformational changes that the macrocycle undergoes upon complexation. 
This method is based on the analysis o f the chemical shifts changes observed upon 
complexation and works within the range o f log Ks values from 2 to 5.
ii). Methods that are dependent on the logarithm o f concentration,
Potentiom etry is one o f the most accurate techniques for the determination o f the 
stability constants. It is applicable even at very low concentrations. This method can 
be used to determine stability constants greater than 106. The only pre-requisite is the 
existence o f a suitable electrodes to be used with the appropriate metal- ion solution.
2.7.1 Calorimetric studies
Eq. 2.9 shows the complexation process involving a neutral macrocyclic ligand, L and 
a metal cation, Mn+ to give a 1:1 complex Mn+L in a solvent, s.
M n\ s )  + L ( s ) - ^ - > M n+L(s) (eq. 2 .9)
The stability constant, Ks, (molar scale) for the process represented in eq. 2.9 is 
expressed in terms o f activities as shown in eq. 2 .10.
K  = _ V / _  = . (eq 2.10)
aL.au ^  w n r iUA L ] r L
In eq. 2.10, a denotes activity, y± M n+ L, and y±Mn+ are the mean molar activity 
coefficients o f the complex and the free cation, while yu is the molar activity 
coefficient o f the ligand. Given that in this work the ligands are neutral and low 
concentrations are used, yL is considered to be equal to unity. The activity coefficients 
o f the metakligand complex and the metal cation are assumed to be equal to 1 at low
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concentrations. Therefore, eq. 2.10 can be expressed in terms o f molar concentrations 
(eq. 2.11). These data are referred to the standard state where the activities o f the 
reactants and the product are considered equal to unity. Therefore Ks values do not 
have units.
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[M"*L]
s ] (eq. 2 .11)
In eq. 2.11, [LMn+], [Mn+] and [L] are the molar concentrations o f the complex, the 
free metal cation and the free ligand respectively. For the calculation o f log Ks and the 
enthalpy o f complexation, ACH by titration calorimetry, the following steps are 
considered.
The heat o f reaction, Qj, at a certain point, i is related to the number o f moles o f the 
complex formed at a certain volume added, Vj. Therefore,
Q. = A H .A n LM„+ = A H . [ M n+LlV.  (eq. 2.12)
In eq. 2.12, ACH is the enthalpy change for the reaction and AnMn+L is the number of 
moles o f complex, M n+L formed from the beginning o f the titration at point i. AnMI1+L, 
can be easily calculated if  the Ks value is known. However, if  the Ks value is 
unknown, an approximate value can be used instead. In this case, a corresponding AnL 
m"+ value can be derived and the ACH can be obtained at a given point i from eq. 2.12. 
These calculations should be repeated for every point o f the titration using an 
approximate Ks value. The ACH and Ks values are constants for a given reaction and 
therefore, the calculated enthalpy change is expected to be the same for each point. If 
such is not the case, a new approximate Ks value should be chosen until the enthalpy 
values are the same at each point of the titration. These are the correct Ks and ACH 
value for the complex reaction, (eq. 2.9).
The stability constant, log Ks, and the enthalpy o f complexation, ACH, values can be 
calculated by the least squares estimation algorithm from a set o f  m measurements
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(titration points) by minimising the sum of squared errors, Rn, between the 
experimental and calculated values o f Q as shown in eq. 2.13.
R„ =K & »p -Qa?  =Z(Q*P -AcH.Anu„.Lf  =S(0»p -S 'H .W
III III m
(eq. 2.13)
The concentration o f the various species in the reaction vessel for each Ks value is 
given by
[Mt]= [Mn+] + [Mn+L] 
[Lt] = [L] + [Mn+L]
(eq. 2.14) 
(eq. 2.15)
In eqs. 2.14 and 2.15, Mt and Lt denote the total molar concentration o f the metal 
cation and the ligand respectively. Combining eqs. 2.14 and 2.15 in eq. 2.11 gives,
K  =
[M n+L ]
([M"+]T - [ M n+L M [L ]T - [ M " +L])
(eq. 2.16)
Hence,
[ M  ' L Y  -  m T + [ M ~  ]T + —  ) . [ L M n+) + [ L] T[ M n+]T = 0
K
s
(eq. 2.17)
The negative solution o f the above quadratic equation is guaranteed to fulfil the 
necessary constraints [Mn+L] > 0 and [ L ] t  > [Mn+L] and is given by
[ . M"*L]  =
M , + L , + J — .
' '  K .  \
\ 2
M t +L t +
K
- 4  M r Lt
S J
(eq. 2.18)
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Having calculated [Mn+L], the enthalpy o f complexation, ACH, can be found using a 
linear square optimisation algorithm given in eq. 2 .12.
The stability constant, log ICS should be between 1 and 6 log units. The curves for the 
system with log Ks > 6 differ only slightly from one to another, hence it would be 
difficult to calculate Ks values accurately in this region. However, the Ks values of 
relatively strong complexes can be obtained from competitive titration calorimetry 
and this is now discussed.
2.7.2 Competitive titration calorimetry
For a highly stable metal-ion complex (log Ks >6), the stability constant can be 
determined using the displacement (competitive) calorimetric titration method 
suggested by Izatt et al.126 In this method, a solution o f a metal-ion complex, M im+L 
(for which the stability constant, log ICsi and enthalpy o f complexation, AcHi° are well 
established) is placed in the reaction vessel and titrated with a solution o f another 
metal cation whose parameters are to be determined (log Ks2 and ACH2), the 
competition process taking place is shown in eq. 2.19
The overall Kov value is expressed in terms o f molar concentrations for the process 
described in eq. 2.19 and is given by eq. 2 .20.
S. art"* T *sn+z M 2 L  + M ] (eq. 2.19)
(eq. 2.20)
Ksi and Ks2 are given by eqs. 2.21 and 2.22 respectively,
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K (eq. 2 .22)
Therefore,
(eq. 2.23)
and
log K s2 = l o g £ OT+ l o g £ , (eq.2.24)
The enthalpy o f complexation, ACH°2, is the sum of AcH°0v and AcH°i values.
The application o f this method must fulfil some conditions:
i) log Ks2 > log Ksi,
ii) AcH2 ^  AcHi and
iii) l< lo g K ov<6.
2.7.3 The Tronac 450 calorimeter:
For calorimetric titrations, the Tronac 450 calorimeter (Fig. 2.1) was used as an 
isoperibol titration calorimeter. This was originally designed by Christensen and 
Izatt127. It is equipped with a 2 cm3 burette connected by a silicone tube to the 
reaction vessel. These are immersed in a thermostated water bath o f 95 liters o f 
capacity, and it is settled at 298.15 K. The solution in the vessel is stirred 
continuously by a stainless steel stirrer throughout the titration reaction. The 
resulting temperature changes during the course o f the reaction are monitored by a 
thermistor bridge and converted to the corresponding voltage in a Wheatstone bridge 
circuit and recorded.127 Experimental data obtained using titration calorimetry is in 
the form o f a thermogram. The latter is a plot o f the temperature observed versus the 
moles o f  titrant added and it is traced using a strip chart recorder. The form o f the 
thermogram depends on whether the titrand and titrant have the same or a different 
temperature and whether the titration reaction is endothermic or exothermic128 (Fig.
2.2).
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A complete thermogram gives an indication o f  the end point o f the titration. Data
from which the stability constant (log Ks) and the complexation enthalpy, ACH can
be calculated. Therefore from log Ks, the Gibbs energy o f complexation, ACG° can be 
calculated through the relationship:
A G° = - R T  ln K s (eq. 2.25)
In eq.2.25, R and T are the gas constant, (8.314 J K' 1 m ol'1) and the absolute 
temperature, (K) respectively. Combination o f ACG° and ACH° allows the calculation 
o f the entropy o f complexation, ACS° (Eq. 2.26).
AcG° = A H °  - T A cS°  (eq. 2.26)
Fig. 2.1 The T ronac 450 calo rim eter129
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Fig.2.2 A typical thermogram128: AB; pre-reaction period; BC reaction 
period; CD, post- reaction period; B, start of the titration; and C, end 
point o f the titration.
Thermograms obtained were analysed by the Dickinson’s130 method to evaluate the 
temperature changes in the system during a titration run. In this method, the 
corrected temperature change is obtained by extrapolating the pre- and post- reaction 
periods o f the calorimetric plot at the time when 63% o f the heat o f the main reaction 
is evolved. This is based on the fact that the rate o f heat evolution during a reaction is 
exponential. In the electrical calibration experiment, the heat evolution is usually 
linear with time, and the extrapolation is carried out at the initial and the final drift 
lines to the time where the temperature rise is equal to 50 % o f the total temperature.
The reproducibility o f the apparatus was checked by a chemical calibration using the 
standard reaction o f protonation o f an aqueous solution o f 
tris(hydroxymethyl)aminomethane (THAM) with hydrochloric acid (HC1). In order 
to proceed with the titration experiments, the burette delivery rate (BDR) was 
determined.
74
2.7.3.1 Determination o f the burette delivery rate (BDR) 131
The determination o f the burette delivery rate was carried out by measuring the 
weight o f water delivered by the burette as a function o f time. The burette was 
filled with deionised water and the insert assembly o f the calorimeter was lowered 
into the thermostated bath to maintain the burette at 298.15 K. In order to calculate 
the number o f moles o f reactant added to the reaction vessel, the volum e o f titrant 
delivered per second m ust be determined. The burette delivery rate is calculated 
from the equation.
BDR  = —  (eq. 2.27)
p t
In eq. 2.27, w  is the weight o f the water, p  is the density o f water (0.996 g cm'3 at 
298. 15 K) 132 at the tem perature o f  calibration and t is the collection time in 
seconds (s).
2.7.3.2. The standard reaction fo r  calorimetric titrations (Tronac 450)
2.7.3.3 Purification o f THAM
Tris(hydroxym ethyl)am inom ethane (THAM, Sigma, 99 % )133 was used to 
perform  the standard reaction in calorim etry. This was purified by preparing a 
concentrated aqueous solution o f THAM in w ater (close to the boiling point). To 
the hot solution, pure m ethanol was added. The solution under constant stirring 
was left to cool at room tem perature and then to about 3°C. Crystals o f  THAM 
were obtained and filtered off. This procedure was repeated tw ice. Then the 
crystals were dried at room  tem perature for 24 hours and stored in a vacuum 
desiccator for 3 days.
2.7.3.4 Standard reaction
The enthalpy o f protonation o f  an aqueous solution o f THAM in hydrochloric 
acid (0.1 mol dm '3) at 298.15 K was measured in order to check the performance o f
E xperim ental P a r t C hapter 2
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the calorimeter. Therefore, an aqueous solution o f THAM was placed in the burette 
and incrementally titrated into the reaction vessel containing the solution o f HC1 (50 
ml). The process taking place is described in eq. 2.28.
H2NC(CH2OH)3(aq) +H30 +(aq) -*H 3N+C(CH2OH)3(aq) + H20(aq)
(eq.2.28)
For this purpose, the total heat observed in each addition (Qt) was corrected taking 
into account the hydrolysis o f THAM in water (Qh) and the heat o f dilution (Qd) in 
order to obtain the heat o f protonation (Qp).
QP= Qt - Qh- Qd (eq. 2.29)
The hydrolysis reaction o f THAM may be represented by
THAM + H 20  —  — >HTHAM+ + OH' (eq.2.30)
The hydrolysis constant, Kh, is given by:
\HTHAM+l \ O H - ]
Kh ~ [THAM] (eq- 2'31)
The value o f the hydrolysis constant, log Kh is -5.93 as reported in the literature.127
The concentration o f OH' was calculated from:
[OH ] = (Kh[THAM])1/2 (eq. 2.32)
The heat associated with the hydrolysis o f THAM in water was calculated from:
Qh = [OH*].V.AhH (eq. 2.33)
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In eq. 2.33; V is the volume added in each step and AhH is the enthalpy o f formation 
o f  water (-55.81 kJ m ol'1) at 298.15 K 134.
The enthalpy o f  protonation APH, is expressed as.
(eq. 2.34)
n
In eq. 2.34, n is the number o f moles o f THAM added in each step.
2.7.4 Experimental procedures
A direct calorimetric titration was carried out when log Ks < 6. In doing so, a solution 
o f the ligand o f interest, (50 cm3, concentration range 6.0 x 10'4 to 1.5 x 10'3 mol 
dm' ) was placed into the reaction vessel and titrated with the appropriate metal ion 
salt (concentration range 2.0 - 5.0 x 10'2 mol dm*3) in the same solvent which was placed 
in the burette until the reaction reached the end point. Temperature changes were 
recorded. An electrical calibration was carried out after each experiment. Blank 
experiments were carried out in all cases to account for the heat o f dilution effect 
resulting from the addition o f the metal-ion salt solution to the solvent contained in 
the calorimetric vessel. These experiments were repeated at least three times for each 
system.
For complexes o f high stability constant (log Ks > 6), competitive calorimetric 
titrations were performed. A solution o f the ligand complexed with a metal cation, M+ 
(50 cm3, 6.0 x 1 O'4 -  8 x 10'5 mol dm '3; and equivalent to a 3:1 metal cation: ligand 
concentration ratio o f the metal-ion complex) placed in the reaction vessel was titrated 
with a solution o f the appropriate metal-ion salt (1.8 dm'3 1.5xl0 '2 - 3.5 x 10'2 mol 
dm'3) prepared in the same solvent placed in the burette, with the aim o f displacing 
the metal cation o f the first complex. The stability constant o f the first metal-cation 
complex must be lower than that o f the metal cation complex whose stability constant 
was to be determined. The heat o f dilution effect was assessed by titrating the second 
metal-ion solution into the solvent contained in the vessel.
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2.7.5 The Thermal Activity Monitor (microcalorimeter)
The Thermal Activity M onitor (TAM) is a microcalorimeter135 (Fig. 2.3) operating 
in a way that allows the heat produced or absorbed in the reaction vessel to flow to 
or from a surrounding heat sink, where the heat-flow is detected by the thermopile 
positioned between the sample container and the heat sink135.
The TAM was connected to a personal computer that included the software Digitam 
4 .1136, which follows the information and the status o f the equipment and reactions 
taking place. The thermal stability o f the instrument is achieved using a water 
thermostat which surrounds the reaction vessel and maintain a constant temperature 
within ±2x10"4 IC to allow the measurements o f microwatt fractions. W ater was 
continuously circulated into the system by a pump using an outer water bath as a 
cooler. The thermostat system was settled at 298.15 IC.
A measuring cylinder housed in the heat sink, with its amplifier, forms a measuring 
channel. Measurements in one o f the cylinders takes place in a measuring cup 
sandwiched between a pair o f  thermopile blankets, called Peltier elements heat 
sensors which form a thermal bridge to the heat sink. These elements act as 
thermoelectric generators and are capable o f responding to small change in
117temperature .
The heat detectors convert the heat energy into a voltage signal proportional to the 
heat flow. The resulting data are presented as a measure o f  the thermal energy 
produced by the sample per unit o f  time.
78
E xperim ental P art C hapter 2
Fig. 2.3. The four channel calorimeter135, a) Electric console; b) inner lid; c) 
outer- lid; d) water bath; e) twin calorimeter; f) pump outlet tube; g) 
polyurethane foam insulation; h) centrifugal
2.7.5.1 Experimental Procedure
Calorimetric titrations o f macrocycles with metal cations in acetonitrile at 298.15 K 
were carried out. For these measurements, a solution o f the metal-ion salt (2.0 -5.0 x
9 T
10' mol dm' ) was prepared in acetonitrile, placed in the syringe and titrated into the 
vessel containing a solution o f  the ligand o f interest (2.8 cm3, concentration range 9.0 
x 10 to 1.7 x 10'3 mol dm '3) prepared in the same solvent. About 20 injections were 
made at time intervals o f ~ 40 minutes. Corrections for the enthalpy o f dilution o f the 
titrant in the solvent were carried out in all cases. A computer program for TAM 
(Digitam 4.1 for Windows from Thermometric AB and select software AB Sweden) 
was used to calculate log Ks and ACH values.
2.8 Potentiometric titrations
In order to determine the stability constant o f highly stable metal-ion complexes under 
investigation, potentiometric titrations were carried out. Stability constants o f L2 with 
silver and sodium cations, (perchlorates as counter-ion) in acetonitrile were analysed 
using silver and sodium selective electrodes respectively.
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2.8.1 Apparatus
Potentiometric experiments were carried out using a digital micro-processor pH/mV- 
meter HANNA model pH 213 to measure the potential changes during the course of 
the titration. (Fig. 2.4)
A) Potentiometric titrations using the silver electrode 
The electrochemical cell represented in eq. 2.35 was used for this purpose.
Ag+ Ag+
Ag+ (s) MeCN 0.05 M TBAP MeCN 0.05 TBAP MeCN 0.05 M TBAP
reference sample
(eq. 2.35)
For these potentiometric titrations, a reversible silver selective electrode was used 
with a silver/silver reference electrode to determine the stability constant o f the silver 
complex with L 2 in acetonitrile and methanol at 298.15 K. The indicator and the 
reference silver electrodes consist o f silver rods, each immersed in separate jacket- 
thermostated glass vessels, maintained at 298.15 IC. The reference silver electrode was 
immersed in a solution o f silver perchlorate in acetonitrile and the indicator electrode 
in a solution o f tetra-n-butyl ammonium perchlorate, TBAP, while the titration was 
performed and the activity o f the free silver was measured. Constant ionic strength 
was maintained by using TBAP (0.05 mol.dm"3) in all solutions, including the filling 
solution o f the salt bridge between the two glass vessels. The volume o f the titrant 
(solution o f silver for calibration and L 2 for complexation) was added by a 
micropipette.
B) Potentiometric titrations using the sodium ion selective indicator 
electrode
The stability constant o f L 2 and the sodium cation was measured by potentiometric 
titration using a sodium ion selective electrode (Russell) as indicator electrode and a 
silver rod as a reference electrode. Each electrode was immersed in separate jacket-
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thermostated glass vessels (Fig. 2.4) and maintained at 298.15 K. The electrochemical 
cell used is represented in eq. 2.36.
Ag+ Na+
Ag+ (s) MeCN 0.05 M TBAP MeCN 0.05 TBAP MeCN 0.05 M TBAP
reference sample
(eq. 2.36)
The reference silver electrode was immersed in a solution o f silver perchlorate in 
acetonitrile and the respective sodium indicator electrode in a solution o f TBAP (0.05 
mol dm' ). The concentration o f the free sodium ion was measured by the sodium ion 
selective indicator electrode. For the calibration o f the electrode, the vessel was filled 
with a solution o f TBAP in acetonitrile (10 ml, 0.05 mol dm '3) which was titrated with 
aliquots o f the sodium solution, (perchlorate as counter ion) in acetonitrile.
For the determination o f the stability constant, a solution o f the macrocycle L 2 in 
acetonitrile (~1 x 10"3 mol dm '3) was prepared in a TBAP solution (0.05 mol dm'3). A 
solution o f known concentration o f sodium contained in the vessel (Fig. 2.4) was 
titrated with L2 allowing the formation o f the 1:1 complex.
Microprocessor pH Meter pH 213
Fig. 2.4 Schematic description of the potentiometric apparatus
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This experiment was performed prior to each titration in order to check the 
performance and reliability o f the electrode by evaluating the slope, intercept and the 
linearity o f the Nernst equation (eq. 2.37)
d t  a
£  = £ V , « + 2-303t o ° S ~  (« 1' 2 -37)'M nF aM
In eq. 2.37, E°, R, T, F, n and a denote the standard electrode potential ( a = 1 mol dm'3), 
the gas constant, (8.314 J K'1 m ol'1), the absolute temperature, (K), the Faraday 
constant (96 487 C m ol'1), the number o f electrons in the redox process and the activity 
of the metal cation respectively.
The vessel (Fig 2.5), containing the reference electrode, was filled with a solution of 
silver perchlorate AgClCft (~1 x 10'3 mol dm"3, 10 cm3) and the one containing the 
working electrode (vessel 2) with a solution o f TBAP (0.05 mol dm"3, 10 cm3). The 
system was left for 30 minutes before initiating the titration in order to achieve thermal 
equilibrium. A solution o f silver or sodium perchlorate (6 x 10"4 - 1 x 10'3 mol dm*3, 5 
cm3) prepared in the appropriate solvent was incrementally added into vessel 2. Stable 
potential readings were recorded after each addition. The Nemstian behaviour was 
observed from a plot o f  potential (E, mV) against the log a [Ag+] or log a [Na+j-
2.8.1.2 Potentiometric titrations o f L2  with silver and sodium as perchlorate in 
acetonitrile at 298.15 K
Direct potentiometric titrations were carried out for the determination o f the stability 
constants o f L 2 with Ag+ and Na+, (perchlorate as counter-ion) in acetonitrile. The 
ligand solution (6 x 10"4 - 1 x 10"3 mol dm*3) was prepared by dissolving the ligand in a 
solution TBAP (0.05 mol dm"3) in acetonitrile.
Having performed the calibration o f the working electrode in vessel 2, (Fig. 2.5) the 
ligand solution was subsequently titrated into the vessel containing the metal cation 
allowing the formation of the 1:1 complex (Ag+L 2) and 2:1 complex (Na+L 2). Stable
2.8. L I  Calibration o f  the electrodes
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potential readings were taken after each addition o f the ligand. Data were collected and 
used for the calculation o f the stability constants o f these complexes in acetonitrile at
298.15 K.
2.9 Attachment o f macrocycles into modified silica
In order to anchor the p-tert-butyl calix[4]arene acetamide derivative to a polymeric 
framework, several steps were involved; starting with the removal o f the p-tert butyl 
group from the parent calixarene, followed by the derivatization o f the calixarene and 
finally its attachment onto the modified silica surface. Each step is described below.
2.9.1 De-tert-butylation o f p-tert-butyl calix[4]arene> L3 1 3 8
A solution o f p-tert-butyl calix[4]arene ( 5.0 g, 7.7 mmol) and phenol (4.4 g, 46.4 
mmol) in dry toluene (100 ml) was stirred at room temperature for 30 minutes. Under a 
nitrogen atmosphere, aluminium chloride (6.0 g, 41.20 mmol) was added to the 
resulting solution. The mixture was stirred at 60 °C for six hours. The reaction was 
monitored by TLC using hexane:ethyl acetate, (4:1) solvent mixture as a developing 
solvent system. When the reaction was complete, the mixture was cooled down and 
then HC1 0.2 M was added. The organic phase was removed and concentrated under 
reduced pressure. The resulting solid was re-crystallized from methanol, thus 
furnishing a white solid. The furnished product was dried over CaCl2, under vacuum  at 
80 °C. The product obtained in 80 % yield was characterized by elemental analysis 
carried out at the University o f Surrey, Calculated %; C, 79.23; H, 5.70; found %; C, 
79.12; H, 5.66, and *H NM R spectroscopy. A schematic representation o f the synthetic 
procedure o f de-tert-butylation o f calix[4]arene is shown in Scheme 2.4.
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Scheme 2.4. Synthetic procedure used for the preparation of L 3
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'H  NMR (300 MHz, CDC13) 8 (ppm), J  (Hz); 10.22 (s, 1H, OH), 7.07 (d, 2H, J= 7.5, 
Ar-H), 6.75 (t, 1H, ./= 7.2 Ar-H), 4.27, (br, 1H, Ar-CH2i,x-Ar), 3.57 (br, 1H Ar-CH2cq- 
Ar).
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2.9.2 Synthesis o f25,26,27,28-diethylacetamidecalix[4Jarene, L4
A solution o f 25,26,27,28-tetrahydroxycalix[4]arene (1 g, 2.36 mmol), sodium hydride 
(0.7 g, 28.26 mmol) was prepared in dry THF (150 ml) under inert atmosphere. The 
resulting solution was stirred for 30 minutes. Then 2-chloro-N,N-diethyl acetamide 
(2.8 g, 18.81 mmol) was added, followed by 10 ml of DMF. The subsequent mixture 
was stirred at 70 °C for 12 hours. The progress o f the reaction was monitored by TLC 
using hexane:ethyl acetate, (8:2) mixture as the developing solvent system. Once the 
reaction was complete, the mixture was allowed to cool down to room temperature; 
and the solvent was removed by vacuum. The resulting crude mixture was extracted 
into CH2CI2 and washed with water. The organic phase was separated and dried over 
magnesium sulphate and then rota-evaporated. The oily product was treated with 
hexane. The resulting powder was re-crystallized using methanol. White crystals (60- 
70 % yield) were obtained. A schematic representation o f the synthetic procedure used 
for the preparation o f 25 ,2 6 ,2 7 , 28-diethylacetamidecalix[4]arene is shown in Scheme
2.5.
2- Cl- N,N acetamide
4 THF/DMF / NaH
Scheme 2.5. Synthetic procedure used for the preparation of L4
The elemental analysis was carried out in duplicate at the University o f Surrey, 
Calculated %; C, 71. 21; H, 7.81; N, 6.39. Found %; C, 71. 51; H, 7.69; N, 6.0.
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!H NMR(300 MHz, in CDC13) 6 (ppm), 7  (Hz); 7.19 ( d, 2H Ar-H), 6.87 (t, 2H Ar-H), 
4.51 (s, 1H, O- CH2), 4.48 (d, 2H, J =  12.0 Ar-CH2ax-Ar), 3.41( t, 2H, CO-CH2-CH3), 
3.36 (d, 2H, J=12.01, Ar-CH2eq-Ar), 3.14 (t, 2H, CO-CH2-CH3), 1.86 (m, 3H, CO-CH2- 
CH3).
2.9.3 Synthesis o f 3-aminopropyltrimethylsilylane silica139'140
OMe
-S i— O - S i NH,
OMe
Fig. 2.5 .Representation o f 3-aminopropyltrimethylsilylane modified silica
Dried silica (10 g) was dispersed in anhydrous toluene (150 ml), after the addition of 
3-aminopropyl-trimethylsilane (4.9 g, 42.6 mmol). The resulting mixture was refluxed 
at 110 -120 °C for six hours under vigorous stirring. After cooling the mixture, the 
solvent was filtered and washed several times first with toluene and then with 
methanol. The product was dried overnight at 120 °C. The dry product was analysed 
by elemental analysis at the University o f Surrey. Results are shown in Table 2.1.
T able 2.1 Elemental analysis for silica gel and modified silica
% C %  H %  N
Silica gel 0.36 0.76
Modified
Silica
6.01 1.75 1.61
2.9.4 Attachment o f the calix[4]arene tetra- acetamide onto modified silica, C4A
In a three-necked round-bottomed flask, calix[4]arene tetra-acetamide (1 g, 0.95 
mmol) was dissolved in dry tetrahydrofuran (100 ml). This was followed by the 
addition o f acetic acid (5 ml, 4.9 mmol) under a nitrogen atmosphere. The mixture was 
continuously stirred for a period o f 15 min. Then a formaldehyde solution (1 ml), 
followed by modified silica (2g) were added. The reaction mixture was left for thirty
85
E xperim ental P a rt C hapter 2
hours at room temperature under continuous stirring. The product was filtered and 
washed with THF, chloroform and methanol. The final product was dried for several 
hours at 100 °C. The product was characterized by elemental analysis carried out at 
the University o f Surrey. Found % are as follows, C, 16.92; H, 2.23; N, 2.08. Thermo 
gravimetric Analysis, (TGA) was also performed on the sample. The investigation was 
conduced on a Universal V3, 4C TA instrument, under a N 2 atmosphere and an 
equimolar 0 2/N2 flow at 60 ml/mim with the sample held in a Pt pan. A temperature 
ramp o f 5 °C/min was used up to a final temperature o f 1000 °C. A schematic 
representation o f the procedure used for the attachment o f the calix[4]arene tetra- 
acetamide onto the modified silica is shown in Scheme 2.6.
M eO— S i-O M e
/~y
Scheme 2.6 Procedure used to graft calix[4]arene tetra-acetamide into the 
modified silica.
2.10 Extraction o f metal cations from water using calix[4]arene tetra-acetamide 
anchored to modified silica
Accurate amounts (0.05 g) o f calix[4]arene acetamide modified silica (C4A), was 
placed in test tubes. Then aqueous solutions containing different concentrations o f the 
metal-ion salts (1.0 -  7.0 xlO '2 mol dm '3, 10 ml) were added. The mixtures were left 
to equilibrate for a period o f 24 hours at 298.15 K. Initial and equilibrium 
concentrations o f the metal cations were analysed by Atomic Absorption
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Spectroscopy, AAS (Perkin Elmer 400 spectrometer). The ionic strength was kept 
constant using an aqueous solution o f ammonium chloride solution (5 mol dm"3).
The instrument was calibrated using a series o f seven calibration standards. All 
standard solutions were prepared from a stock solution (1000 ppm). The 
absorption/emission (depending on the analytes) o f each standard were recorded and 
then plotted against the concentration. Linear behaviour was observed on each 
calibration curve in accord with the Lambert-Beer’s law.
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3. Results and Discussion
3.1 Synthesis o f p-tert-butyl calix[5]arene and its derivatives.
The synthetic procedure used for the preparation o f the parent p-tert-butyl 
calix[5]arene and its derivatives (ester and acetamide) is shown below:
para -formaldehyde
KO-t-Bu/Tetralin
OH
p-tert-butylphenol p-tert-buty leal ix [5] arene
N,N diethylacetamide 
K2C 0 3/M eC N
5,11,17, 23, 29-penta-ferf-butyl - 
31,32,33,34,35-pentaethanoate 
calix[5]arene, L,
5,11,17, 23, 29-penta-ferf-butyl - 
31,32,33,34,35-pentadiethylacetamide 
calix[5]arene, L2
Scheme 3.1. Synthetic route used for the preparation of parent p-tert-butyl 
calix[5]arene and its derivatives.
The synthetic procedures used for the preparation o f each investigated macrocycles 
were described in the Experimental Section 2.4. Yields obtained and the NMR 
characterization o f these macrocycles are now discussed.
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3.1.1 Synthesis o f  5, 11, 17, 23, 29 p-tert-butyl 31, 32, 33, 34, 35- 
hydroxy calix[5]arene, Calix[5]
The p-tert-butyl calix[5]arene prepared yielded 9 % o f white crystals from which 
the characterization was performed.
Fig. 3.1. shows the ]H NM R spectrum o f p-tert- butyl calix[5]arene in CDCI3 at 298 
K. The broad signal at 3.76 ppm assigned to the methylene bridge (axial and 
equatorial) protons is characteristic o f this m acrocycle141. The spectrum also shows 
three singlets at 8.64, 7.22 and 1.26 ppm arising from the phenolic (OH), aromatic 
(Ar-H) and tert-butyl protons respectively, confirming that this ligand was obtained.
as
V
OH
J _  J „ .................. j J I ...... .j
3 7 6 5 4 3 2 1  PPM
Fig. 3.1. *H NM R spectrum  o f 5, 11, 17, 23, 29 p-tert-butyl 31, 32, 33, 35 
hydroxy calix[5]arene at 298 K in CDCI3.
13C NMR spectrum (Fig. 3.2) shows the presence o f four singlets in the downfleld 
region 147.60 ppm (p-Ar-OH), 144.04 ppm (o-Ar), 126.29 ppm (p-Ar) and 125.68 
ppm (w-Ar), corresponding to the aromatic carbons, while in the upfield region 
three singlets are present, two o f  these are assigned to the tert butyl group (33.94 
ppm) and (31.48 ppm) and the third one to the methylene bridge (31.61 ppm).
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Fig. 3.2. 13C NMR spectrum of 5, 11, 17, 23, 29 p-tert-butyl 31, 32, 33, 35- 
hydroxy calix[5]arene at 298 K in CDCI3 .
3.2 Synthesis o f lower rim p-tert-butyl calix[5]arene derivatives
3.2.1 Synthesis o f 5,11,17,23,29 p-tert-butyl 31,32,33,34,35 penta-elhanoate 
calix[5]arene, L i,
This ligand (white crystals) was prepared in 72 % yield.
From the !H NM R (Fig. 3.3) recorded in CDCI3 at 298 K, a singlet signal in the 
downfield region (6.88 ppm) is observed, corresponding to the aromatic protons 
situated at the meta position relative to the phenoxy group. The presence o f two 
pairs o f  doublets at 4.81 and 3.35 ppm are assigned to the methylene bridge (axial 
and equatorial respectively), and the differences in chemical shifts between the axial 
and equatorial protons (A8ax.eq) is 1.41 ppm indicating that L i adopts a distorted 
‘cone’ conformation38,45 in this solvent. A singlet peak at 1.07 ppm, indicates the 
presence o f  the tert-butyl protons. Three peaks, one singlet at 4.62 ppm for the 
methylene group (5, Fig. 3.3) near to the ethereal oxygen, one quartet at 4.22 ppm, 
for the CH 2 o f  the ester group and one triplet at 1.29 ppm for the methyl group o f 
the ester group are an indication o f the presence o f the arm group at the lower rim 
o f the p-tert-butyl calix[5]arene.
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Fig. 3.3 NM R  spectrum  o f 5, 11, 17, 23, 29 p-tert-butyl-31, 32, 33, 34, 
35 p entaethanoate ca lix[5]arene, L i in CDCty at 298 K
The 13C NM R spectrum o f  L i in CDCI3 at 298 K (Fig. 3.4) shows the presence o f 
four singlets in the dow nfield region: 152.13 ppm (Ar-OH), 145.71 ppm  (o-Ar), 
133.38, ppm (p-Ar), and 125.80 ppm (m-Ar) assigned to the arom atic carbons. 
The carbons from  the arm  group also appear as four singlets, one at 170.16 ppm 
corresponding to the carbonyl carbon, w hile the m ethylene carbon betw een the 
ethereal oxygen and the carbonyl group appears at 70.89 ppm . The two 
rem aining singlets at 60.63 ppm  and 14.21 ppm  correspond to the term inal 
ethyl group. The tert-butyl carbons appear as two singlets at 31.37 and 30.29 ppm 
while one singlet is observed for the methylene bridge carbons at 34.0 ppm.
Fig. 3.4 13C NM R  spectrum  o f 5, 11, 17, 23, 29 p -te r t-butyl-31 , 32, 33, 34, 
35 pentaethanoate ca lix[5]arene, Li in CDCI3 at 298 K
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3.2.2 Synthesis o f  5, 11, 17, 23, 29 p-tert-butyl 31, 32, 33, 34, 35 penta- 
diethylacetamide calix[5]arene, L2.
L2 as white crystals was prepared in 82 % yield.
The !H NM R spectrum in CDCI3 at 298 K, (Fig. 3.5) gives a singlet in the 
downfield region (6.9 ppm) for the aromatic proton. The pair o f  doublets arising at
4.99 and 3.32 ppm correspond to the methylene bridge protons. The difference in 
chemical shifts between the axial and equatorial protons (A8ax-eq) is 1.66 ppm, 
indicates that the ligand adopts a distorted ‘cone’ conformation38,45 in this solvent. A 
singlet at 4.75 ppm is observed and it is assigned to the methylene protons close to 
the ethereal oxygen while the multiplet found at 3.40 ppm is assigned to the NCH2  
proton. The upfield region shows a singlet at 1.02 ppm attributed to the tert-butyl 
groups and a m ultiplet at 1.11 ppm for the CH3 protons o f the terminal ethyl group.
Fig. 3.5 *H NMR spectrum of 5, 11, 17, 23, 29 p-tert-butyl-31, 32, 33, 34, 
35 penta-diethylacetam ide calix[5]arene, L 2 at 298 K in CDCI3
The 13C NM R spectrum o f  L2 in CDCI3 at 298 K (Fig. 3.6) shows four signals at 
153.43 ppm  (p-A r-O H ), 144.84 ppm  (o-A r), 133.21 ppm (p-A r) and 125.72 ppm 
(m-A r), corresponding to the arom atic carbons. The singlet peak observed at 
72.38 ppm  is assigned to the OCH2 - carbon. The terminal ethyl group gives two 
sets o f singlets, at 41.27 and 39.83 ppm for the N C H 2CH3 and another two singlets
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at 14.30 ppm and 13.02 ppm for the NCH2 CH3 . As far as the methylene bridge and 
the tert-butyl carbons are concerned, three singlets are observed at 33.88 ppm, 
31.21 ppm and, 33.21 ppm respectively. The carbonyl group gives a singlet signal 
at 168 ppm. The I3C NM R spectrum is in good agreement with the lU NM R and 
gives an indication o f the presence o f L2.
¥ \ w »
j 1 L i
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Fig. 3.6 13C NM R  spectrum  o f 5, 11, 17, 23, 29 penta-tert-butyl-31, 32, 33, 
34, 35 penta-d iethy lacetatam ide calix[5]arene, L 2 in CDCI3 at 298 
K
Having successfully synthesised and characterised the calix[5]arene and its two 
derivatives, their solution properties are discussed in the following Section.
3.3 Solubility studies
Solubility data are referred to the process in which the ligand (L) in the solid state 
(sol) is in equilibrium with its saturated solution (s) (eq. 3 .1)142,143. Tables 3.1 and
3.2 report the solubility o f  calix[5]arene and its derivatives in several solvents at
298.15 K. These data are the average o f several analytical measurements carried out 
on the same saturated solution. The standard deviation o f the data is also included in 
these Tables.
L(sol) L (s) (eq. 3.1)
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The thermodynamic equilibrium constant for the process (eq. 3.1) is defined by eq.
3.2.
j^o _  a L(s) a L(s)
K  ~ ----------- ~ T ~  (eq. 3.2)
In eq. 3.2, a / (v) and aL{sol) denote the activity o f the ligand in solution and in the solid
state respectively. The activity o f the a solid is equal to unity (a(soij = 1 ) ,  and for 
neutral species in solution (non-electrolyte), the activity coefficient (yl) is assumed to 
be equal to one. Thus the solubility o f the ligand on the molar scale is referred to the 
standard state o f 1 mol dm '3. Therefore eq. 3.2 can be expressed in terms of 
concentration,
K °  =  [ ! ] ( * )  (eq. 3.3)
The relationship between K° and the standard Gibbs energy o f solution, ASG°, is given
by
ASG° = - RT ln IC° = -RT In aL = - RT ln [L] (eq. 3.4)
In eq. 3.4, R is the gas constant (8.314 J.mol^.K"1) and T is the absolute temperature
(298.15 K) in K.
There are two processes which contribute to the standard Gibbs energy o f solution, 
ASG°, as described in the following cycle:
(eq. 3.5)
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The dissolution process involves the standard crystal lattice Gibbs energy, AciG°, and 
the standard solvation Gibbs energy, AsoivG°. In order to remove the contribution of 
the AciG° from the solution process, the transfer Gibbs energy, AtG° o f L from a 
reference, si to a receiving solvent, s2, as described in eq. 3.6 is calculated. In this 
work, acetonitrile was used as the reference solvent.
In the following Section, solubility data for the parent p-tert-butyl calix[5]arene are 
discussed.
3.3.1 Solubilities o f  the parent p-tert-butyl calix[5]arene in different solvents at
In Table 3.1, solubilities (mol dm '3) and standard Gibbs energies o f  solution (ASG°, kJ
from acetonitrile to a receiving solvent were calculated. The standard deviation o f 
solubility data o f p-tert-butyl calix[5]arene in several solvents at 298.15 K is reported 
in the same Table. These were calculated from eq. 3.8.
Solvate formation was observed when the p-tert-butyl calix[5]arene was exposed to 
saturated atmospheres o f dichloromethane (CH2C12), chloroform (CI3CH) and 
tetrahydrofuran (THF). Therefore standard Gibbs energies o f solution o f this ligand in 
these solvents at 298.15 K could not be calculated144.
AtG° values o f p-tert-butyl calix[5]arene from acetonitrile to other solvents are also 
included in Table 3.1. It is evident from these values that the difference in solvation o f 
this ligand among these solvents is not significant.
L(s,) L (s2)
L(MeCN) L(s)
(eq. 3.6) 
(eq. 3.7)
298.15 K
m ol'1) are reported. Transfer Gibbs energies (AtG°, kJ m ol'1) o f the cyclic pentamer
(eq. 3.8)
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Comparison o f  these data with those previously reported for other parent 
calix[n]arenes, (n = 4, 6, 8), (Section 1.5.1, Table 1.4) shows that, among all solvents 
considered, the solubility o f parent calixarenes reaches a maximum value for p-tert- 
butyl calix[5]arene and decreases as the number o f phenol units increases. Unlike p-  
tert-butyl calix[4]arene and p-tert-butyl calix[8]arene, the cyclic pentamer undergoes 
solvate formation in some dipolar aprotic and apolar solvents.
Table.3.1 Solubilities and derived standard Gibbs energies of solution of p-tert- 
butyl calix[5]arene in several solvents. Standard transfer Gibbs 
energies from acetonitrile at 298.15 K.
Solvent* Solubility x 103 
mol dm'3
ASG° 
kJ m o l1
AtG°(M eCN-»s)
DMF 8.4 ± 0 .2 11.9 ± 0 .2 -4.1
PC 3.2 ± 0 .2 14.2 ± 0 .2 - 1.8
n-Hex 6.7 ± 0 .2 12.4 ± 0 .2 -3.6
MeCN 1.6 ±0.1 16.0 ± 0.2 0.0
Tol 1.0 ± 0.1 17.0 ± 0 .2 1.0
EtOH 0.8 ± 0.1 17.5 ±0 .3 1.5
MeOH 0.8 ± 0.1 17.7 ± 0 .3 1.7
DCM Very soluble S.F.*
C13CH Very soluble S. F /
DMSO Very soluble S .F /
THF Very soluble S . F /
a Abbreviations used; DMF, N,N-dimethylformamide; PC, propylene carbonate; n-Hex, n-Hexane; 
MeCN, acetonitrile; Tol, toluene; EtOH, ethanol; MeOH, methanol; DCM, dichloromethane; C13CH, 
chloroform; DMSO, dimethyl sulphoxide; PhCN, benzonitrile; THF, tetrahydrofurane; h S.F. Solvate 
formation.
3.3.2 Solubilities o f  L i and L 2  and derived standard Gibbs energies o f  solution and  
their transfer fro m  acetonitrile to other solvents.
Solubility data for L i and L 2 in several solvents at 298.15 K are reported in Table 3.2. 
From these data it can be seen that these derivatives are more soluble than the parent 
calixarene (except L 2 in Hex).
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Solvate formation was observed when L i and L 2 were exposed to saturated 
atmospheres o f  CH2CI2, CI3CH, THF, DMSO and DMF. As a result, the ASG° o f these 
ligands in these solvents could not be assessed since its calculation requires the same 
composition for the solid and its saturated solution at the equilibrium144,145.
Table 3.2. Solubilities, standard Gibbs energies of solution (ASG°) of Li and L2 in 
different solvents and their standard Gibbs energies of transfer (AtG°) 
from acetonitrile to other solvents at 298.15 K
Solvent" Solubility x 103 
(mol dm'3)
ASG° 
(kJ mol'1)
AtG°(M eCN-»s)
L,
% %
MeCN 7.7 ± 0.2 12.1 ± 0.2 0.0
MeOH 4.0 ±0.1 13.7 ± 0 .2 1.6
EtOH 3.6 ±0.1 13.8 ± 0 .2 1.7
Tol 33 ±0.1 8.6 ± 0 .3 -3.5
n-Hex 1.8 ± 0.1 15.6 ± 0 .2 3.5
PC 2.0 ± 0.1 15.4 ± 0 .2 3.3
l 2
%
MeCN 4.1 ±0.1 13.7 ±0.1 0.0
MeOH 2.7 ± 0 .2 14.8 ±0 .3 1.1
EtOH 3.3 ± 0 .2 16.6 ± 0 .3 2.9
Tol 28 ± 0.1 9.1 ± 0 .2 -4.6
n-Hex 0.43 ±0.1 19.4 ±0 .3 5.7
PC 2.6 ± 0.1 14.8 ± 0 .2 1.1
* Abbreviations used; MeCN, acetonitrile; MeOH, methanol; EtOH, ethanol; Tol, toluene; n-Hex, n- 
Hexane; PC, propylene carbonate.
Data listed in Table 3.2 show the standard transfer Gibbs energy, (AtG°) o f these 
ligands from acetonitrile to other solvents at 298.15 IC. The data provide quantitative 
information about the differences in solvation o f these ligands in one solvent relative 
to acetonitrile. A negative value o f the AtG° indicates that the ligand is better solvated 
in the receiving than in the reference solvent.
The trend o f  interaction o f  L j w ith the solvent follows the sequence:
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Tol > MeCN > MeOH > EtOH > PC > Hex
As far as L2 is concerned, the sequence shown is as follows,
Tol > MeCN > MeOH = PC > EtOH > Hex
Having determined the solution and transfer Gibbs energies o f these ligands among 
various solvents, the interaction o f L i and L 2 with uni and bivalent metal cations was 
investigated in acetonitrile and methanol at 298.15 K and this is discussed in the 
following Section.
3.4 !H  N M R  cation com plexation studies.
In order to investigate the interaction between these ligands and uni and bivalent 
metal cations and w henever possible to identify the binding sites o f  these 
macrocycles participating in the com plexation process, *H N M R measurements in 
a dipolar aprotic (acetonitrile) and a protic (methanol) solvents at 298 IC were 
carried out. Before proceeding with these studies, !H NM R measurements were 
performed in different solvents to assess ligand-solvent interactions.
3.4.1 1I I  N M R  studies o f  L j in different solvents
It is well established that calix[4]arene derivatives are able to form inclusion 
complexes with some solvents due to the hydrophobic nature o f the upper cavity o f 
the receptor, which hosts small organic m olecules146. Danil de Namor et a l146 
described this phenomenon as an “allosteric effect ” by which acetonitrile sits in the 
hydrophobic cavity o f the host and pre-organize the hydrophilic cavity prior to 
complexation. Therefore, the effect o f  the solvent on the free ligand, L i was 
investigated through *H NM R measurements in CDCI3, CD3CN, and CD3OD at 298 
K.
Table 3.3 lists the chemical shifts (8 , ppm) of the chemical shift changes of the 
protons of Li in CDCI3 , CD3 CN, and CD3 OD. Gutsche’s38 suggested that the 
difference in the chemical shifts of the axial and equatorial protons, A8ax-eq of the
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m e t h y l e n e  b r i d g e  o f  c a l i x [ 4 ] a r e n e  d e r i v a t i v e s  p r o v i d e s  i n f o r m a t i o n  r e g a r d i n g  t h e  
c o n f o r m a t i o n  a d o p t e d  b y  t h e s e  l i g a n d s  i n  s o l u t i o n .  B a s e d  o n  t h i s  s u g g e s t i o n ,  A 5 ax-eq 
w e r e  c a l c u l a t e d  a n d  t h e s e  d a t a  a r e  a l s o  i n c l u d e d  i n  T a b l e  3 . 3 .  T h e  d a t a  s u g g e s t  t h a t  
i n  t h e s e  s o l v e n t s ,  L i  a d o p t s  a  d i s t o r t e d  ‘ c o n e ’ c o n f o r m a t i o n  i n  s o l u t i o n .  F r o m  t h e  
d a t a  r e p o r t e d  i n  T a b l e  3 . 3  i t  c a n  b e  s e e n  t h a t  t h e  c o n f o r m a t i o n  o f  L i  i s  n o t  a l t e r e d  b y  
C D 3C N  a n d  C D 3O D  r e l a t i v e  t o  C D C I 3 a t  2 9 8  IC .  I t  i s  a l s o  o b s e r v e d  t h a t  n o  
s i g n i f i c a n t  c h e m i c a l  s h i f t  c h a n g e s  o c c u r  i n  m o v i n g  f r o m  o n e  s o l v e n t  t o  a n o t h e r ,  
i n d i c a t i n g  t h a t  n o  s p e c i f i c  l i g a n d - s o l v e n t  i n t e r a c t i o n s  a r e  t a k i n g  p l a c e  i n  t h e s e  
s o l v e n t s  a t  2 9 8  K .
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T a b l e  3 . 3 .  1H  N M R  c h e m i c a l  s h i f t s  (8 p p m )  a n d  c h e m i c a l  s h i f t  c h a n g e s  ( A 8 
p p m )  o f  L i  i n  C D 3C N  a n d  C D 3 O D  r e l a t i v e  t o  C D C I 3 a t  2 9 8  K
P r o t o n s C D C I 3 C D 3C N C D 3O D
5  p p m 8 p p m A 8 p p m 8 p p m A 8 p p m
1 1 . 0 7 1 . 0 8 0.01 1 . 0 3 - 0 . 0 4
2 6.88 7 . 0 7 0 . 1 9 6 . 9 5 0 . 0 7
3 3 . 3 5 3 . 3 3 - 0.02 3 . 3 6 0.01
4 4 . 8 1 4 . 7 4 - 0 . 0 7 4 . 8 2 0.01
5 4 . 6 2 4 . 6 7 0 . 0 5 4 . 6 5 0 . 0 3
6 4 . 2 3 4 . 2 0 - 0 . 0 3 4 . 2 4 0.01
7 1 . 2 9 1 . 2 7 - 0.02 1 . 3 1 0.02
A ( 8 ax-eq) 1 . 4 6 1 . 4 1 --------- 1 . 4 6 ---------
3 .4 .2  N M R  s tu d ie s  t o  a s s e s s  c a t io n  c o m p le x a t io n  w i t h  L j  i n  C D 3C N  a n d  
C D 3O D  a t  2 9 8  K .
l H  N M R  is  t h e  m o s t  s u i t a b l e  t e c h n i q u e  t o  i n v e s t i g a t e  t h e  s t r u c t u r a l  c o n f o r m a t i o n  o f  
m a c r o c y c l e  l i g a n d s  a n d  t o  i d e n t i f y  t h e  a c t i v e  s i t e s  o f  i n t e r a c t i o n  b e t w e e n  t h e  l i g a n d  
a n d  i o n i c  s p e c i e s .  T h i s  i s  d i s c u s s e d  i n  t h e  f o l l o w i n g  S e c t i o n .
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3 .4 .2 .1  1I I  N M R  s tu d ie s  o f  L j  w i t h  u n iv a le n t  c a t io n s  (a s  p e r c h lo r a t e s )  in  
C D 3C N  a n d  C D 3O D  a t  2 9 8  K .
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C h e m i c a l  s h i f t  c h a n g e s  ( A 8)  t h a t  L i  u n d e r w e n t  u p o n  t h e  a d d i t i o n  o f  a n  e x c e s s  a m o u n t  
o f  u n i v a l e n t  m e t a l  c a t i o n  s a l t s  i n  s o l u t i o n  w e r e  u s e d  t o  d e t e r m i n e  t h e  a c t i v e  s i t e s  o f  
i n t e r a c t i o n  b e t w e e n  L i  a n d  m e t a l  c a t i o n s  a n d  w h e n e v e r  p o s s i b l e  t h e  c o m p o s i t i o n  o f  
t h e  c a t i o n  c o m p l e x e s  i n  C D 3C N  a n d  C D 3O D  a t  2 9 8  IC .
T a b l e s  3 . 4  a n d  3 . 5  s h o w  t h e  c h e m i c a l  s h i f t  c h a n g e s  ( A 8)  o f  L i  a f t e r  a d d i t i o n  o f  t h e  
a p p r o p r i a t e  m e t a l  c a t i o n  s a l t s  ( L i + , N a + , K + , R b + , C s +  a n d  A g + )  i n  C D 3C N  a n d  C D 3O D  
r e s p e c t i v e l y  a t  2 9 8  K .  A l s o  i n c l u d e d  i n  t h e s e  T a b l e s  a r e  t h e  A 5 ax-eq v a l u e s  f o r  t h e s e  
s y s t e m s .
T a b l e  3 . 4 . ^  N M R  c h e m i c a l  s h i f t  c h a n g e s  ( A 8 , p p m )  f o r  L i  u p o n  a d d i t i o n  o f  
u n i v a l e n t  c a t i o n  s a l t s  ( a s  p e r c h l o r a t e s )  i n  C D 3C N  a t  2 9 8  K .
* h
A 8 ( p p m )
L i + N a + K + R b + C s + > era 
a
+
H - l - 0.01 - 0.02 - 0.02 - 0.02 - 0.02 0.02
H - 2 0 . 0 3 0 . 0 3 0 . 0 8 0 . 0 3 0.02 0 . 0 4
H - 3 e q 0.00 0 . 0 5 0 . 0 8 0.02 0.02 0.00
H - 4 ax - 0.20 - 0.22 - 0 . 2 6 - 0.21 - 0 . 1 6 t O O 1—
A
H - 5 0 . 0 5 0 . 0 5 - 0 . 0 6 - 0 . 0 4 - 0 . 0 3 0.00
H -6 0 . 0 8 0 . 0 7 0 . 0 5 0 . 0 3 0 . 0 3 0.01
H - 7 0 . 0 3 0 . 0 3 0.02 0 . 0 3 0 . 0 3 0.00
A 8ax.eq 1 .2 1 1 . 1 4 1 . 0 7 1 . 1 8 1 . 2 3 —
* F r e e  U  in  C D 3C N ;  1 .0 8  ( 1 ) ,  7 .0 7 ( 2 ) ,  3 .3 3 ( 3 ) ,  4 .7 4 ( 4 ) ,  4 .6 7 ( 5 ) ,  4 .2 0  ( 6 ) ,  1 .2 7 ( 7 ) ,  ( A 6 ax.cq=  1 .41  p p m )
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V e r y  s m a l l  ( a l m o s t  n e g l i g i b l e )  c h e m i c a l  s h i f t  c h a n g e s  a r e  o b s e r v e d  i n  t h e  l i g a n d ’ s  
p r o t o n s  ( H - l ,  H - 2 ,  H - 5 ,  H - 6,  H - 7 )  u p o n  c o m p l e x a t i o n  w i t h  a l k a l i - m e t a l  a n d  s i l v e r  
c a t i o n s  i n  C D 3C N  a s  t o  e s t a b l i s h  t h e  s i t e s  o f  i n t e r a c t i o n  o f  t h e  l i g a n d  w i t h  t h e  
c a t i o n .  T h e  c h a n g e s  o b s e r v e d  i n  t h e  A 8ax. eq v a l u e s  o f  t h e s e  s y s t e m s  r e l a t i v e  t o  t h e  
f r e e  l i g a n d  a r e  a n  i n d i c a t i o n  t h a t  c o m p l e x a t i o n  b e t w e e n  t h i s  l i g a n d  a n d  t h e s e  m e t a l  
c a t i o n s  i n  C D 3C N  i s  t a k i n g  p l a c e .  A n a l y s i s  o f  t h e  d a t a  i n  T a b l e  3 . 4  s h o w s  t h a t  t h e  
A 8ax-eq v a l u e s  d e c r e a s e  u p o n  c o m p l e x a t i o n  f r o m  1 . 4 6  p p m  f o r  t h e  f r e e  l i g a n d  t o  
v a l u e s  o f  1 . 2 1 ,  1 . 1 4 ,  1 . 0 7 ,  1 . 1 8  a n d  1 . 2 3 ,  p p m  f o r  L i + , N a + ,  K +  ,  R b +  a n d  C s +  
r e s p e c t i v e l y .  T h i s  i s  a n  i n d i c a t i o n  t h a t  t h e  c o m p l e x e d  l i g a n d  a d o p t s  a  m o r e  l i k e  
‘ c o n e ’ c o n f o r m a t i o n  ( G u t s c h e  a t t r i b u t e d  a  A 8ax- eq =  0 . 9 0  p p m  f o r  a  c a l i x [ 4 ] a r e n e  
d e r i v a t i v e  i n  a  p e r f e c t  ‘ c o n e ’ c o n f o r m a t i o n ) 4 5 . A 8ax.eq v a l u e s  d e c r e a s e  f r o m  L i +  t o  K +  
a n d  t h e n  i n c r e a s e  f r o m  K +  t o  C s +  i n  t h i s  s o l v e n t .
T a b l e  3 . 5 .  H  N M R  c h e m i c a l  s h i f t  ( A 8 , p p m )  c h a n g e s  f o r  L i  o n  a d d i t i o n  o f  
u n i v a l e n t  c a t i o n  s a l t s  ( a s  p e r c h l o r a t e s )  i n  C D 3O D  a t  2 9 8  K .
r H
A 8 ( p p m )
r t ----------
L i + N a + K + R b + C s + A g +
H - l 0.01 0.02 0 . 0 3 0 . 0 4 0 . 0 4 0 . 0 6
H - 2 0.01 0 . 0 3 0 . 0 3 0 . 0 5 0 . 0 5 0 . 0 9
H - 3 eq 0.00 0 . 0 5 0 . 0 9 0 . 0 5 0 . 0 4 0 . 0 9
H - 4 a x O v e r la p - 0.20 - 0 . 2 4 - 0.21 - 0.20 - 0 . 2 9
H - 5 0.00 - 0 . 0 4 - 0.02 0 . 0 7 0 . 0 9 0.02
H -6 0.00 0 .10 0 .12 0 .11 0 .10 0 .11
H - 7 0.00 0 . 0 8 0 . 0 8 0 . 0 9 0 . 0 9 0 . 0 8
A 8ax-eq — 1 .2 1 1 . 1 3 1.20 1.22 1 . 0 8
* F r e e  L ,  in  C D 3O D ;  1 .0 3  ( 1 ) ,  6 .9 5 ( 2 ) ,  3 .3 6 ( 3 ) ,  4 . 8 2 ( 4 ) ,  4 .6 5 ( 5 ) ,  4 .2 4  ( 6 ) ,  1 .3 1 ( 7 ) ,  (A 5 a x .« r  1 .4 6  p p m )
T h e  i n t e r a c t i o n  o f  L j  w i t h  u n i v a l e n t  m e t a l  c a t i o n s  i n  C D 3O D  ( T a b l e  3 . 5 )  f o l l o w s  
t h e  s a m e  b e h a v i o u r  a s  t h a t  o b s e r v e d  i n  C D 3C N ,  e x c e p t  f o r  p r o t o n  H - 6 . O n  t h e  o t h e r  
h a n d ,  A g +  a p p e a r s  t o  i n t e r a c t  w i t h  L i  i n  C D 3O D .  T h i s  i s  e x p e c t e d  d u e  t o  t h e  h i g h e r
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s o l v a t i o n  o f  t h i s  c a t i o n  i n  a c e t o n i t r i l e  r e l a t i v e  t o  m e t h a n o l  a s  r e f l e c t e d  i n  t h e  A tG °  
( A g +)MeOH->MeCN =  - 3 0 . 1 2  k J m o l ' 1 b a s e d  o n  t h e  P h 4A s P h 4B  c o n v e n t i o n 6 1 .
3 . 4 .2 .2  ! I I  N M R  s tu d ie s  o f  L j  w i t h  b i v a le n t  c a t io n s  (a s  p e r c h lo r a t e s )  i n  C D 3C N  
a n d  C D 3O D  a t  2 9 8  K .
T a b l e  3 . 6  s h o w s  t h e  c h e m i c a l  s h i f t  c h a n g e s  o f  t h e  L i  p r o t o n s  i n d u c e d  b y  t h e  
a d d i t i o n  o f  b i v a l e n t  m e t a l  c a t i o n  s a l t s ,  ( a s  p e r c h l o r a t e s )  i n  C D 3C N  a t  2 9 8  K .
T a b l e  3 . 6  l H  N M R  c h e m i c a l  s h i f t  c h a n g e s  ( A 8 ,  p p m )  f o r  L i  u p o n  a d d i t i o n  o f  
b i v a l e n t  m e t a l  c a t i o n  s a l t s  ( a s  p e r c h l o r a t e s )  i n  C D 3C N  a t  2 9 8  K .
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A S  ( p p m )
l R M g 2* C a 2+ s / + B a 2+ C d 2+ H g 2+ P b 2+ Z n 2+
H - l 0.00 0 . 0 7 0 . 0 8 0.10 0 . 0 8 0 . 0 7 0 .12 0.00
H - 2 - 0.02 0 . 2 7 0 . 3 1 0 . 3 9 0 . 2 8 0 . 3 0 0 . 3 8 0.01
H - 3 eq 0 . 0 4 0 . 1 8 0 . 1 8 0 . 1 7 0 . 1 9 0 . 1 8 0.21 0 . 0 4
H - 4 a x - 0 . 0 3 - 0 . 5 1 - 0 . 5 3 - 0 . 5 7 - 0 . 5 1 - 0 . 5 3 - 0 . 5 2 Overlap
H - 5 0.01 - 0 .1 1 - 0 .12 - 0 .12 0 . 0 6 0 . 1 3 0 . 1 7 0.00
H -6 0.01 0 . 2 3 0 . 2 3 0 . 2 3 0.22 0 . 2 3 0 . 2 4 0 . 0 5
H - 7 - 0 . 0 7 0 .11 0 .12 0 . 1 3 0 .11 0 .12 0.2 0 . 0 8
1 . 3 4 0 . 7 2 0 . 7 0 0 . 6 7 0 . 7 1 0 . 7 0 0.68 —
'T r e e  L i  in  C D 3C N ;  1 .0 8 ( 1 ) ,  7 .0 7 ( 2 ) ,  3 .3 3 ( 3 ) ,  4 .7 4 ( 4 ) ,  4 .6 7 ( 5 ) ,  4 .2 0 ( 6 ) ,  1 .2 7 (7 ) .  ( A 8 ^ =  1 .41  p p m )
A s  f a r  a s  t h e  * H  N M R  d a t a  r e p o r t e d  i n  T a b l e  3 . 6  a r e  c o n c e r n e d ,  t h e s e  d a t a  s h o w  
t h a t  u p o n  c o m p l e x a t i o n  o f  L j  w i t h  b i v a l e n t  c a t i o n s  i n  C D 3C N ,  t h e  a x i a l  p r o t o n s  
( H - 4 )  a r e  s h i e l d e d  w h i l e  t h e  e q u a t o r i a l  p r o t o n s  ( H - 3 )  b e c o m e  d e s h i e l d e d .  T h u s ,  t h e  
d i f f e r e n c e  b e t w e e n  t h e  c h e m i c a l  s h i f t  o f  t h e s e  t w o  p r o t o n s  ( A 8ax-eq)  d e c r e a s e s  f r o m  
t h e  f r e e  l i g a n d ,  ( A 8ax. eq = 1 . 4 1  p p m )  t o  t h e  c o m p l e x e s .  T h u s  A 8ax-eq v a l u e s  o f  1 . 3 4 ,  
0 . 7 2 ,  0 . 7 0 ,  0 . 6 7 ,  0 . 7 1 ,  0 . 7 0  a n d  0 . 6 8  p p m  a r e  f o u n d  f o r  M g 2 + , C a 2 + , S r 2 + , B a 2 + , C d 2 + , 
H g 2+ a n d  P b 2+ r e s p e c t i v e l y ,  s u g g e s t i n g  t h a t  t h e  l i g a n d  a d o p t s  a  f l a t t e n e d  ‘ c o n e ’ 
c o n f o r m a t i o n  u p o n  c o m p l e x a t i o n  w i t h  t h e s e  m e t a l  c a t i o n s  i n  t h i s  s o l v e n t .  A m o n g  t h e  
a l k a l i n e - e a r t h  m e t a l  c a t i o n s  t h e  m o s t  s i g n i f i c a n t  c h a n g e  i s  t h a t  f o r  B a 2+  w h i l e  f o r  t h e  
t r a n s i t i o n  a n d  h e a v y  m e t a l  c a t i o n s ,  c o m p l e x a t i o n  w i t h  P b 2+ l e a d s  t o  t h e  l a r g e s t
102
Results and Discussion Chapter 3
d e c r e a s e  i n  t h e  A 8ax_eq v a l u e .  T h e r e  i s  a  d e f i n i t e  s i z e  e f f e c t  a m o n g  t h e  a l k a l i n e - e a r t h  
m e t a l  c a t i o n s  w i t h  t h e  s m a l l e s t  A 8ax.eq v a l u e  f o r  M g 2+  ( 0 . 8 6  A )  a n d  t h e  l a r g e s t  f o r  B a 2+  
( 1 . 4 9  A ) .  T h e  s a m e  t r e n d  i s  f o u n d  a m o n g  t h e  t r a n s i t i o n  a n d  h e a v y  m e t a l  c a t i o n s  w h e r e  
t h e  A 5 ax. eq i s  t h e  s m a l l e s t  f o r  C d 2+  ( 1 . 0 9  A )  a n d  t h e  l a r g e s t  f o r  P b 2 +  ( 1 . 3 3  A ) .
S i g n i f i c a n t  c h e m i c a l  s h i f t  c h a n g e s  a r e  a ls o  o b s e r v e d  i n  t h e  a r o m a t i c  p r o t o n  ( H - 2 )  o f  
L ,  u p o n  c o m p l e x a t i o n  w i t h  b i v a l e n t  m e t a l  c a t i o n s .  I n  f a c t ,  t h e r e  is  a  l i n e a r  c o r r e l a t i o n  
b e t w e e n  t h e  c h e m i c a l  s h i f t  c h a n g e s  o f  t h i s  p r o t o n  u p o n  c o m p l e x a t i o n  w i t h  t h e  
a l k a l i n e - e a r t h  m e t a l  c a t i o n s  a n d  t h e i r  i o n i c  s i z e  i n  a c e t o n i t r i l e .  T h i s  i s  b e s t  i l l u s t r a t e d  
i n  F i g .  3 . 7  w h i c h  is  a  p l o t  o f  c h e m i c a l  s h i f t  c h a n g e s  o f  H - 2  f o r  L i  a g a i n s t  t h e  i o n i c  
r a d i u s  o f  a l k a l i n e - e a r t h  a n d  t r a n s i t i o n  a n d  h e a v y  m e t a l  c a t i o n s ,  w h e r e  t h e  h i g h e s t  
c h e m i c a l  s h i f t  c h a n g e s  is  f o u n d  f o r  t h e  l a r g e s t  B a 2+  c a t i o n .  T h i s  b e h a v i o u r  is  a l s o  
o b s e r v e d  f o r  t h e  t r a n s i t i o n  a n d  h e a v y  m e t a l  c a t i o n s  a l t h o u g h  t h e s e  d o  n o t  f a l l  w i t h i n  
t h e  s a m e  l i n e  w i t h  t h e  l a r g e s t  c h e m i c a l  s h i f t  c h a n g e  f o r  P b 2 + .
Ionic Radius (A)
F i g .  3 . 7  R e l a t i o n s h i p  b e t w e e n  t h e  c h e m i c a l  s h i f t  c h a n g e s  ( p p m )  o f  H - 2  ( L i )  a n d  
t h e  i o n i c  r a d i u s  o f  a l k a l i n e - e a r t h  m e t a l  c a t i o n s  a t  2 9 8  K .
T h e  d o w n f i e l d  s h i f t  o b s e r v e d  f o r  t h e  a r o m a t i c  p r o t o n s  o f  t h e  l i g a n d  u p o n  
c o m p l e x a t i o n  w i t h  b i v a l e n t  m e t a l  c a t i o n s ,  m a y  s u g g e s t  t h a t  a n  a c e t o n i t r i l e  m o l e c u l e  
s i t s  i n  t h e  h y d r o p h o b i c  c a v i t y  o f  t h e  l i g a n d  a s  o b s e r v e d  f o r  t h e  r e l a t e d  c a l i x [ 4 ] a r e n e  
e s t e r 2 0 . V i s u a l i s i n g  t h e  t e t r a m e r  a n d  p e n t a m e r  a s  ‘ g l o v e s  s t r e t c h e r s ’ ,  i t  f o l l o w s  t h a t  a s
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t h e  p e n d a n t  a r m s  o f  t h e  l i g a n d  g e t s  c l o s e r  t o  t h e  c a t i o n ,  t h e  h y d r o p h o b i c  c a v i t y  o p e n s ,  
a d o p t i n g  a  f l a t t e n e d  c o n f o r m a t i o n .
S i g n i f i c a n t  c h e m i c a l  s h i f t  c h a n g e s  a r e  a ls o  o b s e r v e d  f o r  H - 5  a n d  H -6 a n d  t o  a  le s s e r  
e x t e n t  H - 7 ,  e x c e p t  f o r  M g  . T h e s e  p r o v i d e  a n  i n d i c a t i o n  t h a t  t h e  c a r b o n y l  o x y g e n  
d o n o r  a t o m s  o f  t h e  l i g a n d  a r e  l i k e l y  t o  i n t e r a c t  w i t h  t h e s e  c a t i o n s  i n  t h i s  s o l v e n t .
* H  N M R  c h e m i c a l  s h i f t  c h a n g e s  f o r  L j  i n  C D 3 O D  r e l a t i v e  t o  t h a t  o f  t h e  f r e e  
l i g a n d  a r e  s h o w n  i n  T a b l e  3 . 7 .  I t  s e e m s  t h a t  i n  t h i s  s o l v e n t ,  t h e  l i g a n d  i s  a b l e  t o  
i n t e r a c t  o n l y  w i t h  B a 2 + . I n d e e d  t h e r e  is  h a r d l y  a n y  c h a n g e s  i n  t h e  c h e m i c a l  s h i f t s  
o f  t h e  p r o t o n s  o f  t h e  l i g a n d  u p o n  a d d i t i o n  o f  o t h e r  b i v a l e n t  c a t i o n  s a l t s  i n  t h i s  
s o l v e n t .
T a b l e  3 . 7  N M R  c h e m i c a l  s h i f t  c h a n g e s  ( A 8 ,  p p m )  o f  L i  u p o n  a d d i t i o n  o f  
b i v a l e n t  m e t a l  c a t i o n  s a l t s  ( a s  p e r c h l o r a t e s )  i n  C D 3O D  a t  2 9 8  K .
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A 8 ( p p m )
r t "
* H M g 2+ C a 2+ S r 2+ B a 2+ C d 2+ H g 2+ P b 2+ Z n 2+
H - l 0.01 0.01 0.01 0 . 1 4 0.00 0.00 0.00 0.00
H - 2 - 0.02 0.02 0.02 0.20 0.02 0.02 0.02 0.02
H - 3 eq 0.00 0.00 0.00 0 . 3 8 0.00 0.00 0.00 0.00
H - 4 ax 0.00 0.00 0.00 - 0 . 1 7 0.00 0.00 0.00 0.00
H - 5 0.00 0.00 0.00 0.10 0.00 0.00 0.00 0.00
H -6 0.00 0.00 0.00 0 . 1 7 0.00 0.00 0.00 0.00
H - 7 0.00 0.00 0.00 0 . 1 3 0.00 0.00 0.00 0.00
ASjpc-eq — — — 0 . 9 1 — — — —
* F r e e  L ,  in  C D 3O D ;  1 .0 8 ( 1 ) ,  7 .0 7 ( 2 ) ,  3 .3 6 ( 3 ) ,  4 .8 2 ( 4 ) ,  4 .6 7 ( 5 ) ,  4 .2 0 ( 6 ) ,  1 .2 7 (7 ) .  (A 8 ax.eq=  1 .4 6  p p m )
3 .4 .3  I H  N M R  c o m p le x a t io n  s tu d ie s  o f  L 2 a n d  m e t a l  c a t io n s  i n  C D 3C N  a n d  
C D 3O D  a t  2 9 8  K
I n  a n  a t t e m p t  t o  a s s e s s  w h e t h e r  c o m p l e x a t i o n  t a k e s  p l a c e  b e t w e e n  L 2 a n d  m e t a l  
c a t i o n s  i n  t h e s e  s o l v e n t s  a n d  i f  s o ,  t o  i d e n t i f y  t h e  a c t i v e  s i t e s  o f  i n t e r a c t i o n  o f  t h e  
l i g a n d  w i t h  t h e  c a t i o n ,  * H  N M R  t i t r a t i o n s  o f  L 2 a n d  m e t a l  c a t i o n s  i n  C D 3C N  a n d  
C D 3O D  a t  2 9 8  K  w e r e  c a r r i e d  o u t .
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3 .4 .3 .1  1H  N M R  t i t r a t io n  o f  L 2 w i t h  u n iv a le n t  c a t io n s  in  C D 3C N  a n d  C D 3O D  a t  2 9 8  
K .
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I n  T a b l e  3 . 8  a r e  l i s t e d  t h e  l H  N M R  c h e m i c a l  s h i f t  c h a n g e s  o f  L 2 u p o n  a d d i t i o n  o f  
a n  e x c e s s  a m o u n t  o f  L i + , N a + , K + , R b + , C s +  a n d  A g +  s a l t s  ( a s  p e r c h l o r a t e s )  i n  
C D 3C N  a t  2 9 8  K .  T h e  d i f f e r e n c e s  i n  c h e m i c a l  s h i f t s  o f  t h e  e q u a t o r i a l  a n d  a x i a l  
p r o t o n s  ( A 5 ax.eq)  o f  L 2 a r e  a l s o  r e p o r t e d .
T a b l e  3 . 8 .  r H  N M R  c h e m i c a l  s h i f t  c h a n g e s  ( A 8,  p p m )  f o r  L 2 u p o n  a d d i t i o n  o f  
u n i v a l e n t  m e t a l  c a t i o n  s a l t s  ( a s  p e r c h l o r a t e s )  i n  C D 3C N  a t  2 9 8  K .
A 5  ( p p m )
L i + N a + K + R b + C s + A g +
H - l 0.01 0.02 - 0 . 0 9 - 0 .11 - 0 . 0 8 0.01
H - 2 0 . 1 8 0 . 2 6 - 0 . 0 6 - 0 . 0 7 - 0.02 0.20
H - 3 eq 0 . 1 5 0 . 1 7 0 . 0 9 0 .11 0 .1 1 0 . 2 6
H - 4 ax - 0 . 8 5 - 0 . 7 8 - 0 . 3 7 - 0 . 4 1 - 0 . 4 7 - 0 . 8 2
H - 5 - 0 . 2 8 - 0 . 3 4 - 0 . 1 6 - 0 . 1 8 - 0.21 - 0.10
H -6 0 . 0 9 0 . 0 6 0 .11 0.01 0.02 0 . 0 7
H - 6’ - 0.20 - 0 . 2 3 - 0 . 1 4 - 0 . 1 3 - 0 . 1 3 - 0 . 1 9
H - 7 - 0 . 0 3 0 . 0 3 - 0.02 - 0.02 - 0.02 0 . 0 8
A 8ax.eq 0 . 7 7  0 . 8 2  1 .3 1  1 . 2 6  1 . 1 9  0 . 7 0
* F r e e  L 2; 1 .1 4 ( 1 ) ,  7 .1 4 ( 2 ) ,  3 . 2 7 ( 3 ) ,  5 .0 5 ( 4 ) ,  4 .8 5 ( 5 ) ,  3 . 3 8 ( 6 , 6 ’ ) ,  1 .1 4 ( 7 )  1 .7 8  p p m )
I n s p e c t i o n  o f  t h e  d a t a  f r o m  T a b l e  3 . 8  s h o w s  t h a t  t h e  i n t e r a c t i o n  o f  L 2 a n d  u n i v a l e n t  
m e t a l  c a t i o n  i n  t h i s  s o l v e n t  l e a d  c o n f o r m a t i o n a l  c h a n g e s  o f  t h i s  l i g a n d .  T h i s  i s  b e s t  
i l l u s t r a t e d  b y  t h e  d i f f e r e n c e  i n  t h e  c h e m i c a l  s h i f t  c h a n g e s  o f  t h e  b r i d g i n g  m e t h y l e n e  
p r o t o n s  A 8ax-eq . I n  a l l  t h e  c a s e s ,  t h e  a x i a l  p r o t o n  a r e  s h i e l d e d  w h i l e  t h e  e q u a t o r i a l  
p r o t o n  a r e  d e s h i e l d e d ,  t h i s  l e a d s  t o  a  d e c r e a s e  i n  t h e  A 8ax. eq, v a l u e s ,  g o i n g  f r o m
1 . 7 8  p p m  ( f r e e  l i g a n d )  t o  0 . 7 7 ,  0 . 8 2 ,  1 . 3 1 ,  1 , 2 6 ,  1 . 1 9  a n d  0 . 7 0  p p m  f o r  L i + , N a + , K + , 
R b + , C s +  a n d  A g +  r e s p e c t i v e l y .  M o r e o v e r  t h e s e  d i f f e r e n c e s ,  A 8ax. eq s u g g e s t  t h a t  L 2 
a d o p t s  a  f l a t t e n e d  ‘ c o n e ’  c o n f o r m a t i o n  u p o n  c o m p l e x a t i o n  w i t h  t h e  s m a l l e s t  c a t i o n s  
( L i + ,  N a +  a n d  A g + )  i n  C D 3C N .  A l t h o u g h ,  A 8ax. eq v a l u e s  d e c r e a s e  f o r  t h e  l a r g e s t
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c a t i o n s  ( K * ,  R b +  a n d  C s * )  t h e  m e t a l - i o n  c o m p l e x  r e m a i n s  i n  a  d i s t o r t e d  ‘ c o n e ’ 
c o n f o r m a t i o n  i n  t h i s  s o l v e n t .  T h e  v a r i a t i o n  A 8ax. eq f o r  c o m p l e x e d  L 2 a n d  u n i v a l e n t  
m e t a l  c a t i o n s  c o m p l e x e s  d o e s  n o t  f o l l o w s  t h e  s a m e  t r e n d  a s  f o r  L i  c o m p l e x e s .  T h i s  
b e h a v i o u r  m i g h t  b e  a t t r i b u t e d  t o  t h e  f a c t  t h a t  L 2 i n t e r a c t  w i t h  L i *  a n d  N a *  i n  a  2 : 1  
( m e t a l : l i g a n d )  c o m p o s i t i o n  r a t h e r  t h a n  t h e  1 : 1  m e t a l  t i i g a n d  s t o i c h i o m e t r y  o b s e r v e d  
f o r  L i .  T h e  s m a l l  d i f f e r e n c e s  i n  t h e  A S ax- eq v a l u e s  f o r  L 2 a n d  t h e  l a r g e s t  a l k a l i - m e t a l  
c a t i o n s  m a k e  h a r d  t o  s e e  a n y  t r e n d .  O n  t h e  o t h e r  h a n d ,  t h e  c h e m i c a l  s h i f t  c h a n g e s  o f  
L 2 u p o n  c o m p l e x a t i o n  w i t h  a l k a l i - m e t a l  c a t i o n s  i n  a c e t o n i t r i l e  a t  2 9 8 . 1 5  K  a r e  l a r g e r  
t h a n  t h o s e  o f  L i  a n d  t h e s e  m e t a l s  c a t i o n s  i n  t h i s  s o l v e n t .  T h i s  m i g h t  b e  a t t r i b u t e d  t o  
t h e  b u l k y  d i e t h y l - a m i d e  g r o u p s  i n  t h e  p e n d a n t  a r m s  o f  L 2 r e l a t i v e  t o  t h e  e t h y l  e s t e r s  
i n  L i .
S i g n i f i c a n t  c h e m i c a l  s h i f t  c h a n g e  i s  a l s o  o b s e r v e d  f o r  t h e  m e t h y l e n e  p r o t o n s  ( H - 5 )  
w h i c h  e x h i b i t  a  s h i e l d e d  e f f e c t  u p o n  c o m p l e x a t i o n  i n  C D 3 C N  a t  2 9 8  K .  T h e s e  
c h a n g e s  m a y  b e  a n  i n d i c a t i o n  t h a t  t h e  e t h e r e a l  a n d  t h e  c a r b o n y l  g r o u p s  a r e  i n v o l v e d  
i n  t h e  c o m p l e x a t i o n  p r o c e s s .  T h i s  s h i e l d i n g  e f f e c t  m i g h t  b e  a t t r i b u t e d  t o  t h e  
c a r b o n y l  g r o u p s  m o v i n g  i n w a r d s  t h e  h y d r o p h i l i c  c a v i t y  t o w a r d s  t h e  m e t a l  c a t i o n  i n  
t h e  c o m p l e x a t i o n ,  w h i c h  b r i n g  t h e  C H 2 p r o t o n  o u t w a r d s  o f  t h e  c a v i t y ,  w h e r e  t h e s e  
e x p e r i e n c e  a  s h i e l d i n g  e f f e c t  i n  t h e  p r e s e n c e  o f  t h e  a r o m a t i c  r i n g .  A  s h i e l d i n g  e f f e c t  
i s  a l s o  o b s e r v e d  f o r  H - 6 ’ u p o n  c o m p l e x a t i o n  w i t h  a l l  u n i v a l e n t  m e t a l  c a t i o n s  i n  
C D 3C N .  N o  s i g n i f i c a n t  c h e m i c a l  s h i f t  c h a n g e s  a r e  o b s e r v e d  f o r  H -6 a n d  H - 7  u p o n  
c o m p l e x a t i o n  w i t h  a l k a l i - m e t a l  c a t i o n s ,  e x c e p t  f o r  t h e  K *  c o m p l e x  w h i c h  s h o w s  a  
s i g n i f i c a n t  s h i f t  i n  t h i s  s o l v e n t .  I t  i s  i m p o r t a n t  t o  p o i n t  o u t  a t  t h i s  s t a g e  t h a t  H -6 a n d  
H - 6 ’ i n  t h e  f r e e  l i g a n d  a p p e a r s  t o  b e  o v e r l a p p e d .  U p o n  c o m p l e x a t i o n  t h e  s i g n a l s  
m o v e  i n d e p e n d e n t l y .
I n  a n  a t t e m p t  t o  a s s e s s  t h e  m e d i u m  e f f e c t ,  * H  N M R  i n v e s t i g a t i o n s  o n  t h e  i n t e r a c t i o n  
o f  L 2 a n d  u n i v a l e n t  c a t i o n s  i n  C D 3 O D  w e r e  c a r r i e d  o u t  a t  2 9 8  K .  I n  T a b l e  3 . 9  t h e  
c h e m i c a l  s h i f t  c h a n g e s  o f  L 2 p r o t o n s  u p o n  a d d i t i o n  o f  u n i v a l e n t  m e t a l  c a t i o n s  a r e  
r e p o r t e d .  T h e  d i f f e r e n c e s  o f  t h e  e q u a t o r i a l  a n d  a x i a l  p r o t o n s  c o u l d  n o t  b e  a s s e s s e d  d u e  
t o  t h e  i n t e r f e r e n c e  o f  t h e  s o l v e n t  w h i c h  o v e r l a p s  w i t h  t h e  e q u a t o r i a l  p r o t o n ’ s s i g n a l .
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T a b l e  3 . 9 .  N M R  c h e m i c a l  s h i f t  c h a n g e s  ( A 8 , p p m )  f o r  L 2 u p o n  a d d i t i o n  o f  
u n i v a l e n t  m e t a l  c a t i o n  s a l t s  ( a s  p e r c h l o r a t e s )  i n  C D 3O D  a t  2 9 8  K .
Results and Discussion Chapter 3
‘ h
A 8
r t ------------
L i + N a + K + R b + C s + A g +
H - l 0.11 0 .11 0 .0 3 0.01 0.01 0 . 0 9
H - 2 0 . 3 2 0 . 3 8 0.12 0.12 0.12 0 . 4 0
H - 3 eq O v e r l a p O v e r l a p O v e r l a p O v e r l a p O v e r l a p O v e r l a p
H - 4 ax - 0 . 4 4 - 0 . 5 1 - 0 . 6 0 - 0.10 - 0.21 - 0 . 2 6
H - 5 - 0.02 0 . 0 8 0 . 0 4 0 .0 3 0.01 0 .0 3
H -6 0.11 0 .1 3 0 .0 3 0 .0 3 0 . 0 5 0 . 0 4
H - 6’ - 0.11 - 0 . 1 3 - 0 . 0 3 - 0 . 0 5 - 0 . 0 4 - 0 . 1 4
H - 7 0 . 0 8 0 . 0 7 0 . 0 7 0 . 0 7 0 . 0 4 0 . 0 9
* F r e e  L 2 in  C D 3O D ;  1 .0 3 ( 1 ) ,  6 .9 5 ( 2 ) ,  3 . 3 1 ( 3 ) ,  4 .8 5 ( 4 ) ,  4 .7 3 ( 5 ) ,  3 . 4 2 ( 6 , 6 ’ ) ,  1 .1 4 ( 7 )  ( A 8 a * « n  l -54 P P m )
R e v i s i o n  o f  d a t a  i n  T a b l e  3 . 9  s h o w s  n o  s i g n i f i c a n t  c h e m i c a l  s h i f t  c h a n g e s  i n  m o s t  o f  t h e  
p r o t o n s  u p o n  a d d i t i o n  o f  K + ,  R b + , C s +  a n d  A g +  m e t a l  c a t i o n s ,  e x c e p t  f o r  H - 2  a n d  H - 4 ^  
w h i c h  s h o w  s i g n i f i c a n t  c h e m i c a l  s h i f t  c h a n g e s .  T h e s e  c h a n g e s  m a y  b e  a n  i n d i c a t i o n  t h a t  
c o m p l e x a t i o n  i s  t a k i n g  p l a c e  i n  C D 3O D .  T h e  c h e m i c a l  s h i f t  c h a n g e s  i n  p r o t o n  H - 4 ax 
s u g g e s t  t h a t  L 2 u n d e r g o e s  c o n f o r m a t i o n a l  c h a n g e s  u p o n  c o m p l e x a t i o n  w i t h  t h e s e  m e t a l  
c a t i o n s  i n  t h i s  s o l v e n t  a n d  a t  t h i s  t e m p e r a t u r e .  S i g n i f i c a n t  c h e m i c a l  s h i f t  c h a n g e s  w e r e  
o b s e r v e d  f o r  L i +  a n d  N a +  p a r t i c u l a r l y  i n  p r o t o n s  H -6 a n d  H - 6 ’ t h a t  m a y  i n d i c a t e  t h a t  t h e  
s t r e n g t h  o f  c o m p l e x a t i o n  is  m o r e  p r o n o u n c e d  f o r  t h e s e  t w o  m e t a l  c a t i o n s  a n d  L 2 i n  
C D 3O D  a t  2 9 8 IC .
3 .4 .3 .2  1H N M R  t i t r a t io n  o f  L 2 w i t h  b iv a le n t  m e ta l  c a t io n s  in  C D 3C N  a n d  C D 3O D  a t  
2 9 8  K .
T a b l e s  3 . 1 0  a n d  3 . 1 1  s h o w  t h e  c h e m i c a l  s h i f t  c h a n g e s  o f  L 2 i n d u c e d  b y  t h e  
a d d i t i o n  o f  M g 2 + ,  C a 2 + ,  S r 2 + ,  B a 2 + , C d 2 + ,  H g 2 + ,  P b 2 +  a n d  Z n 2 +  s a l t s  ( a s  
p e r c h l o r a t e s )  i n  C D 3C N  a n d  C D 3O D  a t  2 9 8  K  r e s p e c t i v e l y .
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T a b l e  3 . 1 0  * H  N M R  c h e m i c a l  s h i f t  c h a n g e s  ( A 8 ,  p p m )  f o r  L 2 u p o n  a d d i t i o n  
o f  b i v a l e n t  m e t a l  c a t i o n  s a l t s  i n  C D 3C N  a t  2 9 8  K .
A 8
* H M g 2+ C a 2+ S i7+ B a 2+ C d 2+ H g 2* P b 2+ Z n 2+
H - l - 0 . 0 8 0.02 0 . 0 4 0 . 0 8 0.01 0.01 0.01 - 0.02
H - 2 - 0 . 0 4 0 . 1 8 0 . 2 4 0 . 4 0 0 . 1 7 0.20 0.20 - 0 . 0 4
H - 3 eq 0.20 0.22 0.21 0 . 1 6 0 . 1 7 0 . 2 6 0 . 2 6 0 . 1 8
H - 4 ax - 0 . 7 7 - 0 . 6 5 - 0 . 6 5 - 0 . 8 5 - 0.68 - 0 . 8 2 - 0 . 8 2 - 0 . 8 2
H - 5 - 0 . 0 8 - 0 . 0 9 - 0 . 0 9 - 0 . 2 9 - 0.12 - 0.10 - 0.10 - 0.12
H -6 0 .0 5 0 .0 5 0 . 0 4 0 . 0 4 0 .0 5 0 . 0 7 0 . 0 7 0 .0 5
H - 6’ - 0.12 - 0 . 1 4 - 0 . 1 6 - 0 . 1 8 - 0.11 - 0 . 1 5 - 0 . 1 7 - 0.10
H - 7 0.01 0.01 0.01 0 . 2 8 0.01 0 . 0 8 0 . 0 8 0 . 0 7
ASax-eq 0 . 8 0 0 . 9 0 0 .9 1 0 . 7 6 0 .9 3 0 . 7 0 0 . 7 0 0 .8 1
T r e e  L 2 in  C D 3C N ;  1 .1 4 ( 1 ) ,  7 .1 4 ( 2 ) ,  3 . 2 7 ( 3 ) ,  5 .0 5 ( 4 ) ,  4 .8 5 ( 5 ) ,  3 . 3 8 ( 6 , 6 ’ ) ,  1 .1 4 ( 7 )  1 .7 8  p p m )
T a b l e  3 . 1 1  * H  N M R  c h e m i c a l  s h i f t  c h a n g e s  ( A 8 , p p m )  f o r  L 2 u p o n  a d d i t i o n  
___________o f  b i v a l e n t  m e t a l  c a t i o n  s a l t s  i n  C D 3O D  a t  2 9 8  K . _______________________________
A8
* H M g 2* C a 2* S r 2* B a 2* C d 2* H g 2* P b 2* Z n 2*
H - l 0 . 0 8 0 . 0 8 0 .1 1 0 . 1 9 0.10 0 . 0 7 0 . 1 3 0 . 0 7
H - 2 0 . 2 5 0 . 2 5 0 . 3 6 0 . 5 8 0 . 3 0 0 . 3 1 0 . 3 4 0 . 2 3
H - 3 eq O v e r l a p O v e r l a p O v e r l a p O v e r l a p O v e r l a p O v e r l a p O v e r l a p 0 . 2 4
H - 4 a x - 0 . 2 6 - 0 . 2 6 - 0 . 3 6 - 0 . 5 2 - 0 . 4 2 - 0 . 3 8 - 0 . 3 4 O v e r l a p
H - 5 0 . 2 6 0 . 2 6 0 . 1 5 0 . 3 0 0 . 1 9 0 . 2 3 0 . 2 9 O v e r l a p
H -6 - 0 . 0 5 - 0 . 0 5 - 0 . 0 7 - 0 . 0 9 - 0 . 0 5 - 0 . 0 6 - 0 . 0 3 - 0 . 0 6
H - 6 ’ 0 .12 0 .12 0 . 1 6 0 .11 0 . 0 5 0 .12 0 . 1 5 0 . 0 8
H - 7 0 . 0 7 0 . 0 7 0 . 0 5 0 . 0 5 0 . 0 7 0 . 0 8 0 . 0 9 0 . 0 8
*  F re e  L 2 in  C D 3O D ;  1 .0 3 ( 1 ) ,  6 .9 5 ( 2 ) ,  3 .3 1 ( 3 ) ,  4 .8 5 ( 4 ) ,  4 .7 3 ( 5 ) ,  3 .4 2 ( 6 ,  6 ’ ) ,  1 .1 4 ( 7 )  ( A 6 ax.eq=  1 .5 4  p p m )
T h e  * H  N M R  d a t a  r e p o r t e d  i n  T a b l e  3 . 1 0 ,  s h o w s  s i g n i f i c a n t  c h e m i c a l  s h i f t  c h a n g e s  
o n  L 2 p r o t o n s  u p o n  a d d i t i o n  o f  a n  e x c e s s  a m o u n t  o f  b i v a l e n t  m e t a l  c a t i o n  s a l t s  i n  
C D 3 C N  a t  2 9 8 K .  T h e s e  c h a n g e s  s u g g e s t  t h a t  i n t e r a c t i o n  o f  L 2 a n d  t h e s e  m e t a l  
c a t i o n s  i s  t a k i n g  p l a c e .  A s  f a r  a s  t h e  H - 3 eq a n d  H - 4 ax p r o t o n s  a r e  c o n c e r n e d ,  
s h i e l d i n g  e f f e c t s  a r e  o b s e r v e d  i n  t h e  f o r m e r  p r o t o n  w h i l e  t h e  a x i a l  p r o t o n  b e c a m e  
d e s h i e l d e d .  A s  a  r e s u l t ,  t h e  s h i f t  d i f f e r e n c e  b e t w e e n  t h e  p a i r  o f  d o u b l e t s  d e c r e a s e s
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f r o m  t h e  f r e e  t o  t h e  c o m p l e x e s  l i g a n d  f r o m  1 . 7 8  t o  0 . 8 0 ,  0 . 9 0 ,  0 . 9 1 ,  0 . 7 6 ,  0 . 9 3 ,  0 . 7 0 ,
0 . 7 0  a n d  0 . 8 1  p p m  f o r  M g 2 + ,  C a 2 + ,  S r 2 + ,  B a 2 + , C d 2 + ,  H g 2 +  P b 2 +  a n d  Z n 2 +  
r e s p e c t i v e l y .  T h e s e  c h a n g e s  i m p l y  t h a t  t h e  a r o m a t i c  r i n g s  o f  t h e  c a l i x a r e n e  is  a d o p t i n g  
a  f l a t t e r  ‘ c o n e ’ c o n f o r m a t i o n  a s  t h e  p e n d a n t  a r m s  o f  t h e  h y d r o p h i l i c  c a v i t y  a r e  m o v i n g  
c l o s e r  t o g e t h e r  i n  o r d e r  t o  c o m p l e x  t h e  m e t a l  c a t i o n .  S i g n i f i c a n t  c h e m i c a l  s h i f t  
c h a n g e s  r e p o r t e d  i n  T a b l e  3 . 1 0  a r e  t h o s e  f o r  t h e  a r o m a t i c  p r o t o n  ( H - 2 )  ( e x c e p t  f o r  
M g 2+ a n d  Z n 2+  c a t i o n s )  c o r r o b o r a t i n g  t h e  c h a n g e s  t h a t  t h e  l i g a n d  u n d e r g o e s  u p o n  
c o m p l e x a t i o n  w i t h  b i v a l e n t  c a t i o n s .
O n  t h e  o t h e r  h a n d ,  s i g n i f i c a n t  c h e m i c a l  s h i f t  c h a n g e s  f o r  t h e  H -6 p r o t o n  a r e  o b s e r v e d  
u p o n  c o m p l e x a t i o n  o f  L 2 a n d  b i v a l e n t  m e t a l  c a t i o n s  i n  C D 3C N  a t  2 9 8  IC .  I n d e e d ,  a  
l i n e a r  c o r r e l a t i o n  i s  o b s e r v e d  w h e n  t h e  c h e m i c a l  s h i f t  c h a n g e s  o f  t h i s  p r o t o n  a r e  
p l o t t e d  a g a i n s t  t h e  c a t i o n  s i z e  ( F i g .  3 . 8 ) ,  s u g g e s t i n g  a  s i z e  e f f e c t  o n  t h e  c h e m i c a l  s h i f t  
c h a n g e s  o f  t h i s  p r o t o n  i n  a c e t o n i t r i l e  a t  2 9 8  K .
a e  0.7 a s  a s  1 1.1 1.2 1.3 1.4 1.5 i.e
0.05 ---------------- . . , , , , , , , ,
-0.25 -
_Q35 J Ionic Rndious (A)
F i g .  3 . 8  C h e m i c a l  s h i f t  c h a n g e s  ( p p m )  o f  H - 6 ’  f o r  L 2 a g a i n s t  o f  t h e  i o n i c  r a d i i ,  (A) 
o f  b i v a l e n t  m e t a l  c a t i o n s  i n  C D 3C N  a t  2 9 8  K .
T h e  c h e m i c a l  s h i f t s  c h a n g e s  o f  H - 5  i n  C D 3 C N  ( T a b l e  3 . 1 0 )  s h o w s  a  m a x i m u m  f o r  
B a 2+  o v e r  o t h e r  b i v a l e n t  c a t i o n s  i n  a c e t o n i t r i l e  a t  2 9 8  K ,  w h i c h  m a y  i n d i c a t e  t h a t  
t h e  l i g a n d  i s  b e t t e r  p r e - o r g a n i s e d  t o  i n t e r a c t  w i t h  t h i s  m e t a l  c a t i o n  i n  t h i s  s o l v e n t .
R?=0.86
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A l s o  t o  a  l e s s e r  e x t e n t ,  s i g n i f i c a n t  c h e m i c a l  s h i f t  c h a n g e s  a r e  o b s e r v e d  f o r  C d 2 + ,  
H g 2 +  a n d  P b 2 + .
* H  N M R  i n t e r a c t i o n  o f  L 2 a n d  b i v a l e n t  m e t a l  c a t i o n s  w e r e  c a r r i e d  o u t  i n  m e t h a n o l  a t  
2 9 8  K .  T a b l e  3 . 1 1  r e p o r t s  t h e  c h e m i c a l  s h i f t  c h a n g e s  u p o n  a d d i t i o n  o f  b i v a l e n t  c a t i o n  
s a l t s  i n  C D 3O D  a t  2 9 8  K .  U n f o r t u n a t e l y  i t  w a s  n o t  p o s s i b l e  t o  c a l c u l a t e  t h e  A 5 ax-eq 
v a l u e s  d u e  t o  t h e  i n t e r f e r e n c e  o f  t h e  s o l v e n t .
A n a l y s i s  o f  t h e  d a t a  i n  t h i s  T a b l e  r e v e a l s  a  d e s h i e l d i n g  e f f e c t  i n  t h e  u p p e r  r i m  p r o t o n s  
o f  L 2 ( t e r t - b u t y l  a n d  t h e  a r o m a t i c  p r o t o n s )  u p o n  c o m p l e x a t i o n  w i t h  a l l  b i v a l e n t  m e t a l  
c a t i o n s  u n d e r  i n v e s t i g a t i o n .  A s  f a r  a s  t h e  a r o m a t i c  p r o t o n  i s  c o n c e r n e d ,  t h e  s t r o n g e s t  
c h a n g e  i s  o b s e r v e d  f o r  t h e  B a 2+ c a t i o n  i n  m e t h a n o l .  T h i s  d e s h i e l d i n g  e f f e c t  i n  t h e  
h y d r o p h o b i c  c a v i t y  c o u l d  b e  a t t r i b u t e d  t o  v a r i o u s  f a c t o r s  s u c h  a s  c o n f o r m a t i o n a l  
c h a n g e s  i n d u c e d  b y  t h e  i n c l u s i o n  o f  t h e  m e t a l  c a t i o n  i n  t h e  l o w e r  r i m  w h i c h  l e a d  t o  
w i d e n  t h e  u p p e r  r i m  c a v i t y  a n d / o r  t o  t h e  i n c l u s i o n  o f  a  m o l e c u l e  o f  C D 3O D  i n  t h e  
h y d r o p h o b i c  c a v i t y  a n d / o r  t h e  i n t e r a c t i o n  o f  t h e  m e t a l  c a t i o n  w i t h  t h e  e t h e r e a l  
o x y g e n s  w h i c h  m a y  r e s u l t  i n  a  d e s h i e l d i n g  e f f e c t  b y  a r o m a t i c  i n d u c t i o n .  O t h e r  
e v i d e n c e  o f  t h e  c o n f o r m a t i o n a l  c h a n g e s  o f  L 2 u p o n  c a t i o n  c o m p l e x a t i o n  a r e  t h e  
s i g n i f i c a n t  c h e m i c a l  s h i f t  v a r i a t i o n s  o f  t h e  a x i a l  p r o t o n  ( H - 4 ax) .
A  d e s h i e l d i n g  e f f e c t  i s  a l s o  o b s e r v e d  i n  t h e  C H 2 p r o t o n  ( H - 5 )  o f  L 2 u p o n  
c o m p l e x a t i o n  w i t h  t h e s e  m e t a l  c a t i o n s .  T h i s  d e s h i e l d i n g  e f f e c t  s u g g e s t  t h a t  i n t e r a c t i o n  
o f  t h e  m e t a l  c a t i o n  w i t h  t h e  l i g a n d  m a y  t a k e  p l a c e  t h r o u g h  t h e  e t h e r e a l  a n d / o r  t h e  
c a r b o n y l  g r o u p s  o f  t h e  l i g a n d  i n  m e t h a n o l  a t  2 9 8  K .  S h i e l d i n g  e f f e c t s  a r e  o b s e r v e d  i n  
p r o t o n  H - 6 ’  o f  L 2 w h i c h  m a y  b e  a t t r i b u t e d  t o  s t e r i c  e f f e c t s  o f  t h e  l i g a n d  a f t e r  
c o m p l e x a t i o n .
F r o m  t h e  a b o v e  d i s c u s s i o n  i t  c a n  b e  c o n c l u d e d  t h a t :
❖  L j  i s  a b l e  t o  i n t e r a c t  w i t h  u n i v a l e n t  m e t a l  c a t i o n s  i n  C D 3 C N  a n d  C D 3O D  a t  
2 9 8  K .  A s  f a r  a s  b i v a l e n t  m e t a l  c a t i o n s  a r e  c o n c e r n e d ,  L i  h a s  t h e  a b i l i t y  t o  
i n t e r a c t  w i t h  a l l  t h e s e  c a t i o n s  i n  a c e t o n i t r i l e ,  w h i l e  i n  m e t h a n o l  t h i s  l i g a n d  
i n t e r a c t s  o n l y  w i t h  B a 2 + .
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❖  U n l i k e  L i ,  i t  w a s  p o s s i b l e  t o  d e t e r m i n e  t h e  s i t e s  o f  i n t e r a c t i o n  o f  L 2 u p o n  
a d d i t i o n  o f  u n i v a l e n t  m e t a l  c a t i o n s  d u e  t o  t h e  s i g n i f i c a n t  c h e m i c a l  s h i f t  
c h a n g e s  o n  t h e  p r o t o n s  c l o s e  t h e  c a r b o n y l  a n d  t h e  e t h e r e a l  o x y g e n s  i n  
a c e t o n i t r i l e  a n d  m e t h a n o l  a t  2 9 8  K .
❖  T h e  ! H  N M R  t e c h n i q u e  r e v e a l s  t h a t  L 2 h a s  t h e  a b i l i t y  t o  c o m p l e x  w i t h  
b i v a l e n t  m e t a l  c a t i o n s  i n  a c e t o n i t r i l e  a n d  m e t h a n o l  a t  2 9 8  K .
❖  I n  b o t h  l i g a n d s ,  c o n f o r m a t i o n a l  c h a n g e s  a r e  o b s e r v e d  u p o n  c o m p l e x a t i o n  i n  
a c e t o n i t r i l e  a n d  m e t h a n o l  a t  2 9 8  K .  T h u s  u n i v a l e n t  m e t a l  c a t i o n s  a n d  L i  
a d o p t s  a  m o r e  ‘ c o n e ’  l i k e  c o n f o r m a t i o n  i n  a c e t o n i t r i l e ,  w h i l e  f o r  L 2 a n d  t h o s e  
m e t a l  c a t i o n s  a  f l a t t e n e d  ‘ c o n e ’ c o n f o r m a t i o n  i n  a c e t o n i t r i l e  i s  a d o p t e d .  
M o r e o v e r ,  L j  a n d  L 2 a d o p t  f l a t t e r  ‘ c o n e ’  c o n f o r m a t i o n  u p o n  c o m p l e x a t i o n  
w i t h  b i v a l e n t  c a t i o n s  i n  a c e t o n i t r i l e .  O n  t h e  o t h e r  h a n d ,  i n  m e t h a n o l ,  t h e  
c o n f o r m a t i o n a l  c h a n g e s  c a n n o t  b e  q u a n t i t a t i v e l y  a s s e s s e d  d u e  t o  t h e  
i n t e r f e r e n c e  o f  t h e  s o l v e n t  s i g n a l  o n  t h e  e q u a t o r i a l  p r o t o n .
H a v i n g  s t u d i e d  t h e  b e h a v i o u r  o f  L i  a n d  L 2 a n d  t h e i r  s i t e s  o f  i n t e r a c t i o n  w i t h  
m o n o v a l e n t  a n d  b i v a l e n t  m e t a l  c a t i o n s  b y  l H  N M R  t i t r a t i o n s ,  a n  i n v e s t i g a t i o n  o n  t h e  
c o m p o s i t i o n  o f  t h e  c a t i o n  c o m p l e x e s  i n  t h e s e  s o l v e n t s  b y  c o n d u c t o m e t r y  w a s  
p e r f o r m e d  a n d  t h i s  i s  d i s c u s s e d  i n  t h e  n e x t  S e c t i o n .
3 .5  C o n d u c t o m e t r ic  s tu d ie s .
3 .5 .1  C o n d u c to m e t r ic  m e a s u r e m e n ts
C o n d u c t o m e t r i c  t i t r a t i o n s  w e r e  p e r f o r m e d  i n  o r d e r  t o  i n v e s t i g a t e  t h e  b e h a v i o u r  o f  t h e  
e l e c t r o l y t e s  a n d  t h e i r  c a t i o n  c o m p l e x e s  w i t h  L i  a n d  L 2 i n  a  d i p o l a r  a p r o t i c  ( M e C N )  
a n d  a  p r o t i c  ( M e O H )  s o l v e n t  a t  2 9 8 . 1 5  K  a n d  t o  g a i n  s e m i - q u a n t i t a t i v e  i n f o r m a t i o n  
r e g a r d i n g  t h e  s t r e n g t h  o f  c o m p l e x a t i o n  a s  w e l l  a s  t h e  c o m p o s i t i o n  o f  l i g a n d : m e t a l  
c a t i o n  c o m p l e x e s .  T h e  r e s u l t s  a r e  p r e s e n t e d  a n d  d i s c u s s e d  u n d e r  t h e  f o l l o w i n g  
h e a d i n g s :
I .  D e t e r m i n a t i o n  o f  t h e  c o n d u c t i v i t y  c e l l  c o n s t a n t  a t  2 9 8 . 1 5  K .
I I .  C o n d u c t o m e t r i c  t i t r a t i o n s  o f  L i  w i t h  u n i v a l e n t  a n d  b i v a l e n t  m e t a l  c a t i o n s  i n  
M e C N  a n d  M e O H .
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I I I .  C o n d u c t o m e t r i c  t i t r a t i o n s  o f  L 2 w i t h  u n i v a l e n t  a n d  b i v a l e n t  m e t a l  c a t i o n s  i n  
M e C N  a n d  M e O H .
3 .5 .1 .1  D e t e r m in a t io n  o f  t h e  c o n d u c t i v i t y  c e l l  c o n s ta n t
T h e  m e t h o d  u s e d  t o  d e t e r m i n e  t h e  c o n d u c t i v i t y  c e l l  c o n s t a n t  w a s  e x p l a i n e d  i n  t h e  
E x p e r i m e n t a l  S e c t i o n  ( 2 . 6 . 2 ) .  S i n c e  p o t a s s i u m  c h l o r i d e  i s  t h e  s t a n d a r d  e l e c t r o l y t e  i n  
E l e c t r o c h e m i s t r y 147, t h i s  s a l t  w a s  u s e d  t o  d e t e r m i n e  t h e  c o n d u c t i v i t y  c e l l  c o n s t a n t .
T a b l e  3 . 1 2  s h o w s  t h e  c a l c u l a t e d  s p e c i f i c  c o n d u c t a n c e  d a t a  f o r  p o t a s s i u m  c h l o r i d e  i n  
w a t e r  a t  v a r i o u s  c o n c e n t r a t i o n s  a s  w e l l  a s  t h e  c e l l  c o n s t a n t  ( 0 )  v a l u e s  a t  t h e s e  
c o n c e n t r a t i o n s  a t  2 9 8 . 1 5  K .
T a b l e  3 . 1 2 .  C o n d u c t a n c e  d a t a  f o r  a n  a q u e o u s  s o l u t i o n  o f  K C 1  a t  2 9 8 . 1 5  I C  f o r  t h e  
d e t e r m i n a t i o n  o f  t h e  c o n d u c t i v i t y  c e l l  c o n s t a n t .
[ K C l ]  = 0 .10  m o l  d m " 3 ; V =  2 5  m l
D ladd
( g )
V
( m l )
V  acc
( m l )
[ K C l ]  
m o l d m '3
S
( f f 1)
A m 0  
(S  c m 2 m o l* 1)  ( c m '1)
0 . 4 2 6 0 . 4 0 1 . 5 7 5 . 9 0 x 1  O '3 9 . 1 0 x 1 0 '4 1 4 2 . 4 2 0 . 9 2
0.120 0 . 1 1 2.20 8 . 0 9 x 1  O '3 1 . 0 3 x 1  O '3 1 4 1 . 3 7 1 . 1 1
0 . 2 2 4 0.21 2 . 4 1 8 . 7 9 x l 0 '3 1 . 1 7 x l 0 ' 3 1 4 1 . 0 7 1 . 0 6
0 . 2 5 9 0 . 2 4 2 . 6 5 9 . 5 8 x l 0 " 3 1 . 3 0 x 1 0 ' 3 1 4 0 . 7 5 1 . 0 4
0 . 2 4 0 0.22 2 . 8 7 1 . 0 3 x l 0 " 2 1 . 4 2 x 1  O '3 1 4 0 . 4 8 1.02
0 . 2 3 7 0.22 3 . 0 9 1 . 10 x 1 0'2 1 .5  5 x 1 0 '3 1 4 0 . 2 3 1 . 0 0
0 . 2 3 2 0.22 3 . 3 1 1 . 1 7 x l 0 ' 2 1 . 6 5 x 1 0 ' 3 1 3 9 . 9 9 0 . 9 9
0 . 1 4 4 0 . 1 3 3 . 4 4 1 .2 1 x 1 0'2 1 . 7 2 x 1  O '3 1 3 9 . 8 6 0 . 9 8
0 . 2 2 3 0.21 3 . 6 5 1 . 2 7 x 1  O '2 1 . 8 3 x 1 0 ' 3 1 3 9 . 6 5 0 . 9 7
0.222 0.21 3 . 8 6 1 . 3 4 x 1  O '2 1 . 9 4 x 1 0 '3 1 3 9 . 4 6 0 . 9 6
0 . 2 4 7 0 . 2 3 4 . 0 9 1 . 4 1 x l 0 ' 2 2 . 0 5 x l 0 ' 3 1 3 9 . 2 6 0 . 9 5
0 . 1 3 5 0 . 1 3 4 . 2 1 1 . 4 4 x 1  O '2 2 . 1 1 x l 0'3 1 3 9 . 1 5 0 . 9 5
F r o m  t h e  d a t a  s h o w n  i n  T a b l e  3 . 1 2 ,  t h e  a v e r a g e  v a l u e  o f  t h e  c o n d u c t i v i t y  c e l l  c o n s t a n t  
i n  w a t e r  a t  2 9 8 . 1 5  K  w a s  f o u n d  t o  b e  0 . 9 9  ±  0 . 0 5  c m ' 1.
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H a v i n g  d e t e r m i n e d  t h e  c o n d u c t i v i t y  c e l l  c o n s t a n t ,  c o n d u c t o m e t r i c  t i t r a t i o n s  o f  t h e  
a p p r o p r i a t e  m e t a l  c a t i o n  s a l t  w i t h  L i  a n d  L 2 i n  a c e t o n i t r i l e  a n d  m e t h a n o l  a t  2 9 8 . 1 5  K  
w e r e  c a r r i e d  o u t .
3 .5 .1 .2  C o n d u c to m e t r ic  t i t r a t io n s  o f  m e t a l  c a t io n s  a n d  L i
C o n d u c t i v i t y  i s  t h e  t e c h n i q u e  t h a t  c a n  b e  e m p l o y e d  t o  i n v e s t i g a t e  t h e  b e h a v i o u r  o f  
e l e c t r o l y t e s  i n  s o l u t i o n  a s  w e l l  a s  t h e  e x t e n t  o f  c o m p l e x a t i o n  b e t w e e n  a  g i v e n  l i g a n d  
w i t h  a  g i v e n  m e t a l  c a t i o n  i n  a  g i v e n  s o l v e n t .  T h u s ,  p l o t s  o f  v a r i a t i o n s  i n  t h e  e l e c t r i c a l  
c o n d u c t i v i t y  a g a i n s t  t h e  l i g a n d / m e t a l - i o n  m o l e  r a t i o  c a n  b e  d i v i d e d  i n t o  t h r e e  g r o u p s .
i )  P l o t s  w i t h  a  s l i g h t  s l o p e  a n d  w i t h o u t  a n y  i n d i c a t i o n  o f  a  c h a n g e  i n  s l o p e  a t  
a n y  g i v e n  m o l e  r a t i o  p r o v i d e  a n  i n d i c a t i o n  t h a t  v e r y  w e a k  o r  n o  
c o m p l e x a t i o n  t a k e s  p l a c e .
i i )  P l o t s  w i t h  a  w e l l  d e f i n e d  c h a n g e  i n  c u r v a t u r e  a t  t h e  s t o i c h i o m e t r y  o f  t h e  
r e a c t i o n  i n d i c a t e  t h a t  c o m p l e x e s  o f  m o d e r a t e  s t a b i l i t y  a r e  f o r m e d .
i i i )  P l o t s  s h o w i n g  t w o  s t r a i g h t  l i n e s  i n t e r s e c t i n g  a t  t h e  a p p r o p r i a t e  r e a c t i o n  
s t o i c h i o m e t r y  i n d i c a t e  t h e  f o r m a t i o n  o f  h i g h l y  s t a b l e  c o m p l e x e s .
C o n d u c t o m e t r i c  c u r v e s  f o r  t h e  t i t r a t i o n  o f  u n i  a n d  b i v a l e n t  m e t a l  c a t i o n s  w i t h  L i  
i n  a c e t o n i t r i l e  a t  2 9 8 . 1 5  K  a r e  s h o w n  i n  F i g s .  3 . 9  -  3 . 2 1 .  T h e s e  a r e  p l o t s  o f  m o l a r  
c o n d u c t a n c e s  ( A m , S  c m 2 m o l ' 1)  a t  e a c h  s t e p  o f  t h e  t i t r a t i o n  a g a i n s t  t h e  [ L i ] : [ M n+]  
m o l a r  r a t i o .  I n s p e c t i o n  o f  t h e s e  p l o t s  s h o w s  t h a t  u p o n  a d d i t i o n  o f  L i  t o  t h e  s o l u t i o n  
o f  t h e  m e t a l  c a t i o n  s a l t  c o n t a i n e d  i n  t h e  v e s s e l ,  a  d e c r e a s e  i n  t h e  m o l a r  c o n d u c t a n c e  
f r o m  A  t o  B  ( F i g .  3 . 9 )  i s  o b s e r v e d  w h i c h  is  d u e  t o  t h e  l a r g e r  s i z e  o f  t h e  c o m p l e x  
r e l a t i v e  t o  t h a t  o f  t h e  f r e e  c a t i o n .  T h e r e f o r e ,  t h e  m o b i l i t y  o f  t h e  c a t i o n  d e c r e a s e s  
l e a d i n g  t o  a  d e c r e a s e  i n  t h e  m o l a r  c o n d u c t i v i t y .  N o  c h a n g e s  a r e  o b s e r v e d  i n  t h e  
m o l a r  c o n d u c t i v i t y  a f t e r  f u r t h e r  a d d i t i o n  o f  L i  ( f r o m  B  t o  C ) .  I n  a l l  c a s e s  t h e  A m 
v a l u e s  a t  [ L ] : [ M n+]  =  0  ( p r i o r  a d d i t i o n  o f  l i g a n d )  a r e  g o o d  a g r e e m e n t  w i t h  t h o s e  
r e p o r t e d  i n  t h e  l i t e r a t u r e 148 f o r  t h e  l i m i t i n g  m o l a r  c o n d u c t a n c e s ,  A ° ,  o f  a l k a l i - m e t a l  
a n d  s i l v e r  p e r c h l o r a t e s  i n  a c e t o n i t r i l e  a t  2 9 8 . 1 5  K .  T h e s e  v a l u e s  a r e  1 7 3 ,  1 8 0 . 6 3 ,  
1 8 7 . 4 1 ,  1 8 9 . 4 9 ,  1 9 1 . 0 8  a n d  1 8 6 . 6 9 ,  S  c m 2 m o l ' 1 f o r  l i t h i u m ,  s o d i u m ,  p o t a s s i u m ,  
r u b i d i u m ,  c a e s i u m  a n d  s i l v e r  p e r c h l o r a t e s  r e s p e c t i v e l y  a t  2 9 8 . 1 5  K .
113
Chapter 3
T h e  d e f i n e d  c h a n g e  o b s e r v e d  f o r  t h e  a l k a l i - m e t a l  c a t i o n s  i n  t h e  c u r v a t u r e  a t  t h e  1 : 1  
s t o i c h i o m e t r y  ( F i g s .  3 . 9  - 3 . 1 3 )  s u g g e s t s  t h a t  o n e  m e t a l  c a t i o n  i s  i n t e r a c t i n g  w i t h  
o n e  L i  u n i t  a n d  a  r e l a t i v e l y  m o d e r a t e  c o m p l e x  i s  f o r m e d .
F i g .  3 . 9  C o n d u c t o m e t r i c  c u r v e  f o r  t h e  t i t r a t i o n  o f  t h e  l i t h i u m  s a l t  ( a s  p e r c h l o r a t e )  
w i t h  L j  i n  a c e t o n i t r i l e  a t  2 9 8 . 1 5  K
[L,]/|Na+]
F i g .  3 . 1 0  C o n d u c t o m e t r i c  c u r v e  f o r  t h e  t i t r a t i o n  o f  t h e  s o d i u m  s a l t  ( a s  p e r c h l o r a t e )  w i t h  
L i  i n  a c e t o n i t r i l e  a t  2 9 8 . 1 5  K
114
Results and Discussion Chapter 3
nu]/pc+]
F i g .  3 . 1 1  C o n d u c t o m e t r i c  c u r v e  f o r  t h e  t i t r a t i o n  o f  t h e  p o t a s s i u m  s a l t  ( a s  
p e r c h l o r a t e )  w i t h  L i  i n  a c e t o n i t r i l e  a t  2 9 8 . 1 5  K
[L,]/|Rb+J
F i g .  3 . 1 2  C o n d u c t o m e t r i c  c u r v e  f o r  t h e  t i t r a t i o n  o f  t h e  r u b i d i u m  s a l t  ( a s  
p e r c h l o r a t e )  w i t h  L i  i n  a c e t o n i t r i l e  a t  2 9 8 . 1 5  K
Fig. 3.13 Conductometric curve for the titration o f the caesium salt (as perchlorate)
with L i in acetonitrile at 298.15 K
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T h e  c o n d u c t o m e t r i c  t i t r a t i o n  c u r v e  f o r  A g *  a n d  L j  i n  a c e t o n i t r i l e  ( F i g .  3 . 1 4 )  s h o w s  
a  s t r a i g h t  l i n e  w i t h  h a r d l y  a n y  c h a n g e s  i n  c o n d u c t a n c e  d u r i n g  t h e  c o u r s e  o f  t h e  
t i t r a t i o n .  T h i s  f i n d i n g  r e f l e c t s  t h a t  v e r y  w e a k  o r  n o n  c o m p l e x a t i o n  t a k e s  p l a c e  
b e t w e e n  t h i s  l i g a n d  a n d  t h i s  c a t i o n  i n  a c e t o n i t r i l e  a t  2 9 8 . 1 5  K .
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[Ld/[Ag]
F i g .  3 . 1 4  C o n d u c t o m e t r i c  c u r v e  f o r  t h e  t i t r a t i o n  o f  t h e  s i l v e r  s a l t  ( a s  p e r c h l o r a t e )  w i t h  
L i  i n  a c e t o n i t r i l e  a t  2 9 8 . 1 5  K .
R e g a r d i n g  c o n d u c t o m e t r i c  c u r v e s  i n v o l v i n g  b i v a l e n t  c a t i o n s  a n d  L i  i n  a c e t o n i t r i l e  
a t  2 9 8 . 1 5  K ,  ( F i g s .  3 . 1 5 - 3 . 2 1 )  t h e  r e s u l t s  s h o w  t h a t  t h e  m o l a r  c o n d u c t a n c e  o f  t h e  
b i v a l e n t  m e t a l  s a l t s  i n v e s t i g a t e d  i n  t h i s  w o r k  a t  t h e  b e g i n n i n g  o f  t h e  t i t r a t i o n  a r e  i n  
g o o d  a g r e e m e n t  w i t h  t h o s e  v a l u e s  r e p o r t e d  i n  t h e  l i t e r a t u r e  f o r  t h e s e  m e t a l  c a t i o n  
s a l t s  i n  a c e t o n i t r i l e  a t  t h e s e  c o n c e n t r a t i o n s  ( 3 0 3 . 8 75 ’ 115, 3 2 3 . 5 115,  3 4 0 . 0 115, 3 6 3 . 3 115, 
3 4 8 . 1 115, 3 5 2 . 3 115 a n d  3 6 9 120’56 ( S  c m 2 m o l ' 1)  f o r  M g 2* ,  C a 2* ,  S r 2* , B a 2* , P b 2* ,  C d 2*  
a n d  H g 2*  p e r c h l o r a t e s  r e s p e c t i v e l y ) .  A s  f a r  a s  M g 2*  i s  c o n c e r n e d  ( F i g .  3 . 1 5 )  a  
s l i g h t  s l o p e  i s  o b s e r v e d  a f t e r  a d d i t i o n  o f  L i  i n  a c e t o n i t r i l e  a t  2 9 8 . 1 5  K  l e a d i n g  t o  
t h e  f o r m a t i o n  o f  a  w e a k  c o m p l e x  o f  1 : 1  ( L i : M 2* )  s t o i c h i o m e t r y .  S h a r p  b r e a k  p o i n t s  
a r e  o b s e r v e d  f o r  C a 2* ,  S r 2* ,  B a 2 *  a n d  P b 2*  ( F i g .  3 . 1 6 - 3 . 1 9  r e s p e c t i v e l y )  a n d  L i  i n  
t h i s  s o l v e n t  a t  1 : 1  ( l i g a n d : m e t a l  c a t i o n )  m o l a r  r a t i o  s u g g e s t i n g  t h a t  r e l a t i v e l y  s t r o n g  
c o m p l e x e s  a r e  f o r m e d  i n  a c e t o n i t r i l e  b e t w e e n  t h i s  l i g a n d  a n d  t h e s e  c a t i o n s  i n  t h i s  
s o l v e n t .
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F i g .  3 . 1 5  C o n d u c t o m e t r i c  c u r v e  f o r  t h e  t i t r a t i o n  o f  t h e  m a g n e s i u m  s a l t  ( a s  
p e r c h l o r a t e )  w i t h  L i  i n  a c e t o n i t r i l e  a t  2 9 8 . 1 5  K .
[UMort]
F i g .  3 . 1 6  C o n d u c t o m e t r i c  c u r v e  f o r  t h e  t i t r a t i o n  o f  t h e  c a l c i u m  s a l t  ( a s  
p e r c h l o r a t e )  w i t h  L i  i n  a c e t o n i t r i l e  a t  2 9 8 . 1 5  K .
</} 300
•  •  •  •
[L,]/[Sr2+l
Fig. 3.17 Conductometric curve for the titration of the strontium salt (as
perchlorate) with L i in acetonitrile at 298.15 K.
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F i g .  3 . 1 8  C o n d u c t o m e t r i c  c u r v e  f o r  t h e  t i t r a t i o n  o f  t h e  b a r i u m  s a l t  ( a s  
p e r c h l o r a t e )  w i t h  L i  i n  a c e t o n i t r i l e  a t  2 9 8 . 1 5  K .
[L«]/[PbZ4l
F i g .  3 . 1 9  C o n d u c t o m e t r i c  c u r v e  f o r  t h e  t i t r a t i o n  o f  t h e  l e a d  s a l t  ( a s  p e r c h l o r a t e )  
w i t h  L j  i n  a c e t o n i t r i l e  a t  2 9 8 . 1 5  K .
I n  F i g s  3 . 2 0  a n d  3 . 2 1  c o n d u c t o m e t r i c  t i t r a t i o n  p l o t s  o f  C d 2 +  a n d  H g 2+  w i t h  L i  i n  
a c e t o n i t r i l e  a t  2 9 8 . 1 5  K  r e s p e c t i v e l y  a r e  r e p o r t e d .  T h e  s h a p e  o f  t h e  t i t r a t i o n  c u r v e  
s u g g e s t s  t h a t  1 : 1  c o m p l e x e s  o f  m o d e r a t e  s t a b i l i t y  a r e  f o r m e d .
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[L,J/[Cd2+]
F i g .  3 . 2 0  C o n d u c t o m e t r i c  c u r v e  f o r  t h e  t i t r a t i o n  o f  t h e  c a d m i u m  s a l t  ( a s  
p e r c h l o r a t e )  w i t h  L i  i n  a c e t o n i t r i l e  a t  2 9 8 . 1 5  K .
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[L,]/|HgI+]
F i g .  3 . 2 1  C o n d u c t o m e t r i c  c u r v e  f o r  t h e  t i t r a t i o n  o f  t h e  m e r c u r y  s a l t  ( a s  
p e r c h l o r a t e )  w i t h  L i  i n  a c e t o n i t r i l e  a t  2 9 8 . 1 5  K .
I n  o r d e r  t o  a s s e s s  t h e  m e d i u m  e f f e c t  o n  t h e  i n t e r a c t i o n  p r o c e s s  o f  u n i  a n d  b i v a l e n t  
m e t a l  c a t i o n s  a n d  L i ,  c o n d u c t o m e t r i c  t i t r a t i o n s  i n  m e t h a n o l  a t  2 9 8 . 1 5  K  w e r e  
c a r r i e d  o u t .  F i g s .  3 . 2 2 - 3 . 2 7  a r e  c o n d u c t o m e t r i c  p l o t s  o f  L j  a n d  u n i v a l e n t  m e t a l  
c a t i o n s  i n  m e t h a n o l  a t  2 9 8 . 1 5  K .  T h e s e  F i g s .  s h o w  t h e  f o r m a t i o n  o f  1 : 1  ( L i / M + )  
c o m p l e x e s .
T h e  m o l a r  c o n d u c t a n c e s  o f  t h e  u n i v a l e n t  m e t a l  c a t i o n s  a t  [ L / M 2 + ] = 0  a r e  i n  g o o d  
a g r e e m e n t  w i t h  t h e  l i m i t i n g  m o l a r  c o n d u c t a n c e ,  A ° m r e p o r t e d  i n  t h e  l i t e r a t u r e 148 f o r  
a l k a l i - m e t a l  p e r c h l o r a t e s  i n  m e t h a n o l  a t  2 9 8 . 1 5  K .  T h e s e  v a l u e s  a r e  1 1 6 . 2 ,  1 2 3 . 0 ,  
1 2 6 . 7  a n d  1 3 1 . 5  ( S  c m 2 m o l ' 1)  f o r  s o d i u m ,  p o t a s s i u m ,  r u b i d i u m  a n d  c a e s i u m  
p e r c h l o r a t e s  i n  m e t h a n o l  a t  2 9 8 . 1 5  K  r e s p e c t i v e l y .
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A s  f a r  a s  t h e  L i +  c a t i o n  i s  c o n c e r n e d ,  w e a k  o r  n o n  c o m p l e x a t i o n  i s  o b s e r v e d  w i t h  
L i  i n  m e t h a n o l ,  c o r r o b o r a t i n g  t h e  r e s u l t s  o b t a i n e d  f r o m  1I I  N M R  m e a s u r e m e n t s .  
H o w e v e r  m o d e r a t e  c o m p l e x a t i o n  i s  t a k i n g  p l a c e  b e t w e e n  N a + , K + , R b +  a n d  C s +  
w i t h  L i  ( F i g s .  3 . 2 2  -  3 . 2 5 )  i n  m e t h a n o l  a t  2 9 8 . 1 5  IC .
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{L,WNn1
F i g .  3 . 2 2  C o n d u c t o m e t r i c  c u r v e  f o r  t h e  t i t r a t i o n  o f  t h e  s o d i u m  s a l t  ( a s  
p e r c h l o r a t e )  w i t h  L i  i n  m e t h a n o l  a t  2 9 8 . 1 5  K .
F i g .  3 . 2 3  C o n d u c t o m e t r i c  c u r v e  f o r  t h e  t i t r a t i o n  o f  t h e  p o t a s s i u m  s a l t  ( a s  
p e r c h l o r a t e )  w i t h  L i  i n  m e t h a n o l  a t  2 9 8 . 1 5  K .
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[UWRb4]
F i g .  3 . 2 4  C o n d u c t o m e t r i c  c u r v e  f o r  t h e  t i t r a t i o n  o f  t h e  r u b i d i u m  s a l t  ( a s  
p e r c h l o r a t e )  w i t h  L j  i n  m e t h a n o l  a t  2 9 8 . 1 5  K .
[L,]/[Cs+]
F i g .  3 . 2 5  C o n d u c t o m e t r i c  c u r v e  f o r  t h e  t i t r a t i o n  o f  t h e  c a e s i u m  s a l t  ( a s  
p e r c h l o r a t e )  w i t h  L i  i n  m e t h a n o l  a t  2 9 8 . 1 5  K .
F i g .  3 . 2 6  s h o w s  t h e  c o n d u c t o m e t r i c  t i t r a t i o n  o f  t h e  s i l v e r  m e t a l  c a t i o n  w i t h  L j  i n  
m e t h a n o l  a t  2 9 8 . 1 5  K .  A n a l y s i s  o f  t h e  p l o t  r e v e a l s  t h a t  t h e  c o m p l e x a t i o n  o f  t h e  m e t a l  
c a t i o n  w i t h  t h i s  l i g a n d  i s  r e l a t i v e l y  w e a k .  T h e  m o l a r  c o n d u c t a n c e s  o b t a i n e d  f o r  s i l v e r  
p e r c h l o r a t e  i s  c l o s e  t o  t h e  l i m i t i n g  m o l a r  c o n d u c t a n c e  o f  t h i s  s a l t  i n  m e t h a n o l  a t
2 9 8 . 1 5  K  r e p o r t e d  i n  t h e  l i t e r a t u r e 148 ( 1 2 1 . 1 ,  S  c m 2 m o l ’ 1) .
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F i g .  3 . 2 6  C o n d u c t o m e t r i c  c u r v e  f o r  t h e  t i t r a t i o n  o f  t h e  s i l v e r  s a l t  ( a s  
p e r c h l o r a t e )  w i t h  L i  i n  m e t h a n o l  a t  2 9 8 . 1 5  K .
A s  f a r  a s  a l k a l i n e - e a r t h  m e t a l  c a t i o n s  a r e  c o n c e r n e d ,  L i  d o e s  n o t  s h o w  i n t e r a c t i o n  
w i t h  M g 2 + ,  C a 2+  a n d  S r 2+  i n  m e t h a n o l  a t  2 9 8 . 1 5  K  ( A p p e n d i x  A ) .  H o w e v e r ,  t h e  
c o n d u c t i m e t r i c  c u r v e  a p p e a r s  t o  i n d i c a t e  t h a t  a  r e l a t i v e l y  w e a k  1 : 1  c o m p l e x  is  
f o r m e d  b e t w e e n  L i  a n d  B a 2+  i n  m e t h a n o l  a t  2 9 8 . 1 5  K  ( F i g .  3 . 2 7 ) .
[LiMBa2t]
F i g .  3 . 2 7  C o n d u c t o m e t r i c  c u r v e  f o r  t h e  t i t r a t i o n  o f  t h e  b a r i u m  s a l t  ( a s  
p e r c h l o r a t e )  w i t h  L i  i n  m e t h a n o l  a t  2 9 8 . 1 5  K .
O n  t h e  o t h e r  h a n d ,  n o  c h a n g e s  i n  c o n d u c t a n c e  w e r e  o b s e r v e d  u p o n  t h e  a d d i t i o n  o f  
L i  t o  c a d m i u m ,  l e a d  a n d  m e r c u r y  p e r c h l o r a t e s  i n  m e t h a n o l  a t  2 9 8 . 1 5  K  s u g g e s t i n g  
t h a t  v e r y  w e a k  o r  n o  c o m p l e x a t i o n  o c c u r s  b e t w e e n  t h i s  l i g a n d  a n d  t h e s e  m e t a l  
c a t i o n s  i n  t h i s  s o l v e n t  ( A p p e n d i x  A ) .
3.5.1.3 C onductom etric  titrations o f  L 2 with m eta l cations
C o n d u c t o m e t r i c  t i t r a t i o n s  o f  s e v e r a l  m e t a l  c a t i o n s  w i t h  L 2 i n  a c e t o n i t r i l e  a n d  
m e t h a n o l  a t  2 9 8 . 1 5  K  w e r e  c a r r i e d  o u t .  A s  f a r  a s  a c e t o n i t r i l e  i s  c o n c e r n e d ,
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c o n d u c t o m e t r i c  t i t r a t i o n  p l o t s  o f  m e t a l  c a t i o n  s a l t s  a n d  L 2 i n  t h i s  s o l v e n t  a r e  p r e s e n t e d  
i n  F i g s .  3 . 2 8  - 3 . 4 1 .
A n a l y s i s  o f  t h e  d a t a  r e v e a l s  t h a t  t h e  m o l a r  c o n d u c t i v i t y  o f  t h e  m e t a l  c a t i o n s  a t  
[ L ] / [ M 2+]  =  0  o f  t h e  t i t r a t i o n  a r e  c l o s e  t o  t h e  l i m i t i n g  m o l a r  c o n d u c t a n c e s ,  A °  o f  a l k a l i  
a n d  s i l v e r  p e r c h l o r a t e s  a t  2 9 8 . 1 5  K  r e p o r t e d  i n  t h e  l i t e r a t u r e 148 ( s e e  p .  1 1 3 ) .  A  
d e c r e a s e  i n  t h e  m o l a r  c o n d u c t i v i t y  u p o n  a d d i t i o n  o f  L 2 a s  s h o w n  i n  t h e s e  F i g s  is  
a t t r i b u t e d  t o  t h e  i n c r e a s e  o f  t h e  s i z e  o f  c o m p l e x e s  c a t i o n  r e l a t i v e  t o  t h e  f r e e  c a t i o n .  
T h i s  p a t t e r n  w a s  a l s o  o b s e r v e d  i n  t h e  c o n d u c t o m e t r i c  t i t r a t i o n s  o f  t h e s e  m e t a l  c a t i o n s  
a n d  L i  i n  t h i s  s o l v e n t .
A s  f a r  a s  t h e  c o n d u c t o m e t r i c  t i t r a t i o n s  o f  L i +  a n d  N a +  w i t h  L 2 i n  a c e t o n i t r i l e  a r e  
c o n c e r n e d ,  a  g r a d u a l  d e c r e a s e  i n  t h e  m o l a r  c o n d u c t a n c e  is  o b s e r v e d  f r o m  A  t o  B  w i t h  
a  c h a n g e  i n  c u r v a t u r e  a t  t h e  l i g a n d : m e t a l  c a t i o n  m o l a r  r a t i o  o f  0 . 5 , i n d i c a t i n g  t h e  
f o r m a t i o n  o f  1 : 2  ( L : M + )  c o m p l e x e s .  F u r t h e r  a d d i t i o n  o f  t h e  l i g a n d  l e a d s  t o  a  f u r t h e r  
d e c r e a s e  ( B  t o  C )  i n  c o n d u c t a n c e  a n d  a  c l e a r  b r e a k  a t  t h e  l i g a n d : m e t a l  c a t i o n  m o l a r  
r a t i o  o f  1 w h i c h  r e f l e c t  t h a t  a  s t r o n g  1 : 1  c o m p l e x  i s  f o r m e d .  C o m p l e t i o n  o f  t h e  
r e a c t i o n  is  s h o w n  b y  t h e  s m a l l  c h a n g e s  i n  c o n d u c t a n c e  f r o m  C  t o  D .  T h e  r e a c t i o n s  
t a k i n g  p l a c e  is  d e f i n e d  a s  f o l l o w s ,
2M + ( L 0  o r  Na+ )(MeCN) + L2 (MeCN) -»  M 2+L(MeCN)  ( e q .  3 . 9 )
m / L ( M eCN)  +  L(MeCN)  ->  2  LM * {MeCN)(e q .  3 . 1 0 )
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(U |/fLi+l
Fig. 3.28 Conductometric curve for the titration of the lithium salt (as
perchlorate) with L 2 in acetonitrile at 298.15 K
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[l*]/[Nn+l
F i g .  3 . 2 9  C o n d u c t o m e t r i c  c u r v e  f o r  t h e  t i t r a t i o n  o f  t h e  s o d i u m  s a l t  ( a s  
p e r c h l o r a t e )  w i t h  L 2 i n  a c e t o n i t r i l e  a t  2 9 8 . 1 5  K
A  c l o s e  a n a l y s i s  o f  t h e  t i t r a t i o n  c u r v e s  f o r  a l k a l i - m e t a l  c a t i o n s  a n d  L 2 ( F i g s .  3 . 3 0  -  
3 . 3 2  f o r  K + ,  R b +  a n d  C s +  r e s p e c t i v e l y )  r e v e a l  w e l l  d e f i n e d  b r e a k  p o i n t s  s u g g e s t i n g  
t h a t  1 : 1  c o m p l e x e s  o f  m o d e r a t e  s t a b i l i t y  a r e  f o r m e d  i n  a c e t o n i t r i l e  a t  2 9 8 . 1 5  IC .
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F i g .  3 . 3 0  C o n d u c t o m e t r i c  c u r v e  f o r  t h e  t i t r a t i o n  o f  t h e  p o t a s s i u m  s a l t  ( a s  
p e r c h l o r a t e )  w i t h  L 2 i n  a c e t o n i t r i l e  a t  2 9 8 . 1 5  K
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F i g .  3 . 3 1  C o n d u c t o m e t r i c  c u r v e  f o r  t h e  t i t r a t i o n  o f  t h e  r u b i d i u m  s a l t  ( a s  
p e r c h l o r a t e )  w i t h  L 2 i n  a c e t o n i t r i l e  a t  2 9 8 . 1 5  K
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F i g .  3 . 3 2  C o n d u c t o m e t r i c  c u r v e  f o r  t h e  t i t r a t i o n  o f  t h e  c a e s i u m  s a l t  ( a s  
p e r c h l o r a t e )  w i t h  L 2 i n  a c e t o n i t r i l e  a t  2 9 8 . 1 5  K
F i g .  3 . 3 3  s h o w s  t h e  t i t r a t i o n  p l o t  f o r  s i l v e r  ( a s  p e r c h l o r a t e )  w i t h  L 2 i n  a c e t o n i t r i l e  a t
2 9 8 . 1 5  IC .  T h e  s l i g h t  c u r v a t u r e  o f  t h e  s l o p e  r e v e a l s  t h a t  a  w e a k  i n t e r a c t i o n  t a k e s  
p l a c e  b e t w e e n  t h i s  m e t a l  c a t i o n  a n d  t h i s  l i g a n d  i n  a c e t o n i t r i l e  a t  2 9 8 . 1 5  IC
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[LzMAg*]
F i g .  3 . 3 3  C o n d u c t o m e t r i c  c u r v e  f o r  t h e  t i t r a t i o n  o f  t h e  s i l v e r  s a l t  ( a s  
p e r c h l o r a t e )  w i t h  L 2 i n  a c e t o n i t r i l e  a t  2 9 8 . 1 5  K
A s  f a r  a s  a l k a l i n e - e a r t h ,  t r a n s i t i o n  a n d  h e a v y  m e t a l  c a t i o n s  ( M g 2 + , C a 2 + , S r 2 + , B a 2 + , 
C d 2 + ,  H g 2+  a n d  P b 2 + )  a r e  c o n c e r n e d  ( F i g s . 3 . 3 4  -  3 . 4 0 ) ,  s h a r p  b r e a k  p o i n t s  a r e  o b s e r v e d  
i n  t h e  c o n d u c t o m e t r i c  t i t r a t i o n  c u r v e s  l e a d i n g  t o  t h e  s u g g e s t i o n  t h a t  s t r o n g  c o m p l e x e s  
b e t w e e n  t h e s e  m e t a l  c a t i o n s  a n d  L 2 i n  a c e t o n i t r i l e  a t  2 9 8 . 1 5  K  a r e  f o r m e d .  I n  m o s t  
c a s e s ,  t h e r e  is  a  f u r t h e r  i n c r e a s e  i n  c o n d u c t a n c e  f r o m  B  t o  C .  T h e  a d d i t i o n  o f  a n  
e x c e s s  o f  t h e  l i g a n d  t o  t h e  s o l u t i o n  d i s p l a c e s  t h e  e q u i l i b r i u m  t o  t h e  W r i g h t  a n d  a s  a  
r e s u l t  t h e  c o n d u c t a n c e  in c r e a s e s .  T h i s  is  n o t  t h e  c a s e  o f  Z n 2+  c a t i o n  a n d  L 2 i n  
a c e t o n i t r i l e  w h i c h  s h o w s  t h e  f o r m a t i o n  o f  a  r e l a t i v e l y  w e a k  1 : 1  c o m p l e x  i n  t h i s  
s o l v e n t  a t  2 9 8 . 1 5  K  ( F i g .  3 . 4 1 ) .
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F i g .  3 . 3 4  C o n d u c t o m e t r i c  c u r v e  f o r  t h e  t i t r a t i o n  o f  t h e  m a g n e s i u m  s a l t  ( a s  
p e r c h l o r a t e )  w i t h  L 2 i n  a c e t o n i t r i l e  a t  2 9 8 . 1 5  K .
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F i g .  3 . 3 5  C o n d u c t o m e t r i c  c u r v e  f o r  t h e  t i t r a t i o n  o f  t h e  c a l c i u m  s a l t  ( a s  
p e r c h l o r a t e )  w i t h  L 2 i n  a c e t o n i t r i l e  a t  2 9 8 . 1 5  K .
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F i g .  3 . 3 6  C o n d u c t o m e t r i c  c u r v e  f o r  t h e  t i t r a t i o n  o f  t h e  s t r o n t i u m  s a l t  ( a s  
p e r c h l o r a t e )  w i t h  L 2 i n  a c e t o n i t r i l e  a t  2 9 8 . 1 5  K .
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Fig. 3.37 Conductometric curve for the titration of the barium salt (as
perchlorate) with L 2 in acetonitrile at 298.15 K.
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F i g .  3 . 3 8  C o n d u c t o m e t r i c  c u r v e  f o r  t h e  t i t r a t i o n  o f  t h e  c a d m i u m  s a l t  ( a s  
p e r c h l o r a t e )  w i t h  L 2 i n  a c e t o n i t r i l e  a t  2 9 8 . 1 5  K .
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F i g .  3 . 3 9  C o n d u c t o m e t r i c  c u r v e  f o r  t h e  t i t r a t i o n  o f  t h e  m e r c u r y  s a l t  ( a s  
p e r c h l o r a t e )  w i t h  L 2 i n  a c e t o n i t r i l e  a t  2 9 8 . 1 5  K .
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Fig. 3.40 Conductometric curve for the titration of the lead salt (as perchlorate)
with L 2 in acetonitrile at 298.15 K.
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F i g .  3 . 4 1  C o n d u c t o m e t r i c  c u r v e  f o r  t h e  t i t r a t i o n  o f  t h e  z i n c  s a l t  ( a s  p e r c h l o r a t e )  
w i t h  L 2 i n  a c e t o n i t r i l e  a t  2 9 8 . 1 5  K .
T h e  i n f l u e n c e  o f  t h e  s o l v e n t  o n  t h e  c o m p l e x a t i o n  p r o c e s s  b e t w e e n  m e t a l  c a t i o n s  
a n d  L 2 , w a s  a s s e s s e d .  I n  d o i n g  s o ,  c o n d u c t o m e t r i c  t i t r a t i o n s  b e t w e e n  m e t a l  c a t i o n s  
a n d  L 2 i n  m e t h a n o l  a t  2 9 8 . 1 5  IC  w e r e  c a r r i e d  o u t .
C o n d u c t o m e t r i c  t i t r a t i o n  c u r v e s  f o r  a l k a l i - m e t a l  a n d  s i l v e r  c a t i o n s  a n d  L 2 i n  
m e t h a n o l  a r e  s h o w n  i n  F i g s .  3 . 4 2 - 3 . 4 7 .  T h e  m o l a r  c o n d u c t a n c e s  ( S  c m 2 m o l ' 1)  
o b s e r v e d  i n  t h e s e  F i g s .  f o r  t h e s e  m e t a l  c a t i o n  s a l t s  a r e  i n  g o o d  a g r e e m e n t  w i t h  t h e  
l i m i t i n g  m o l a r  c o n d u c t a n c e s  r e p o r t e d  i n  t h e  l i t e r a t u r e 148 f o r  l i t h i u m ,  s o d i u m ,  
p o t a s s i u m ,  r u b i d i u m ,  c a e s i u m  a n d  s i l v e r  p e r c h l o r a t e  i n  m e t h a n o l  a t  2 9 8 . 1 5  IC ,  t h e s e  
v a l u e s  a r e  1 1 0 . 6 ,  1 1 6 . 2 ,  1 2 3 . 0 ,  1 2 6 . 7 ,  1 3 1 . 5  a n d  1 2 1 . 1  ( S  c m 2 m o l ' 1)  r e s p e c t i v e l y  a t
2 9 8 . 1 5  K .  T h e  d e c r e a s e  i n  c o n d u c t a n c e  u p o n  t h e  a d d i t i o n  o f  t h e  l i g a n d  
d e m o n s t r a t e s  o n c e  a g a i n  t h a t  t h e  s i z e  e f f e c t  i n  m o v i n g  f r o m  t h e  f r e e  t o  t h e  c o m p l e x  
c a t i o n  a n d  t h e r e f o r e  a  d e c r e a s e  i n  t h e  m o b i l i t y  o f  t h e  e l e c t r o l y t e .
S h a r p  b r e a k s  a r e  o b s e r v e d  u p o n  t h e  a d d i t i o n  o f  t h e  l i g a n d  t o  u n i v a l e n t  m e t a l  c a t i o n  
s a l t s  i n  m e t h a n o l  i n d i c a t i n g  t h e  f o r m a t i o n  r e l a t i v e l y  s t r o n g  c o m p l e x e s  o f  1 : 1  
s t o i c h i o m e t r y  ( F i g .  3 . 4 2  -  3 . 4 7 ) .
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F i g .  3 . 4 2  C o n d u c t o m e t r i c  c u r v e  f o r  t h e  t i t r a t i o n  o f  t h e  l i t h i u m  s a l t  ( a s  
p e r c h l o r a t e )  w i t h  L 2 i n  m e t h a n o l  a t  2 9 8 . 1 5  K .
F i g .  3 . 4 3  C o n d u c t o m e t r i c  c u r v e  f o r  t h e  t i t r a t i o n  o f  t h e  s o d i u m  s a l t  ( a s  
p e r c h l o r a t e )  w i t h  L 2 i n  m e t h a n o l  a t  2 9 8 . 1 5  K .
Fig. 3.44 Conductometric curve for the titration of the potassium salt (as
perchlorate) with L 2 in methanol at 298.15 K.
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F i g .  3 . 4 5  C o n d u c t o m e t r i c  c u r v e  f o r  t h e  t i t r a t i o n  o f  t h e  r u b i d i u m  s a l t  ( a s  
p e r c h l o r a t e )  w i t h  L 2 i n  m e t h a n o l  a t  2 9 8 . 1 5  K .
F i g .  3 . 4 6  C o n d u c t o m e t r i c  c u r v e  f o r  t h e  t i t r a t i o n  o f  t h e  c a e s i u m  s a l t  ( a s  
p e r c h l o r a t e )  w i t h  L 2 i n  m e t h a n o l  a t  2 9 8 . 1 5  K .
Fig. 3.47 Conductometric curve for the titration of the silver salt (as
perchlorate) with L 2 in methanol at 298.15 K.
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C o n d u c t o m e t r i c  t i t r a t i o n  p l o t s  o f  a l k a l i n e - e a r t h ,  t r a n s i t i o n  a n d  h e a v y  m e t a l  c a t i o n s  
( M g 2 + ,  C a 2+ ,  S r 2 + ,  B a 2 + ,  C d 2 + ,  H g 2 + ,  P b 2+  a n d  Z n 2 + )  w i t h  L 2 i n  m e t h a n o l  a t  2 9 8 . 1 5 K  
a r e  p r e s e n t e d  i n  F i g s .  3 . 4 8 - 3 . 5 5 .  T h e s e  g i v e  a  q u a l i t a t i v e  i n d i c a t i o n  o n  t h e  s t r e n g t h  
o f  c o m p l e x a t i o n  o f  t h e  l i g a n d  w i t h  m e t a l  c a t i o n s  i n  m e t h a n o l .  T h e s e  a r e  p l o t s  o f  
m o l a r  c o n d u c t a n c e  A m ( S  c m 2 m o l ' 1)  a g a i n s t  t h e  l i g a n d : m e t a l - i o n  c o n c e n t r a t i o n  
( L 2: M 2 + )  r a t i o s .  T h e  t w o  i n t e r s e c t i n g  l i n e s  s h o w  t h e  f o r m a t i o n  o f  1 : 1  c o m p l e x e s  
b e t w e e n  t h i s  l i g a n d  a n d  t h e s e  m e t a l  c a t i o n s  i n  m e t h a n o l .  T h e  c o n d u c t a n c e  t h e  S r 2+  
a n d  B a 2+  c a t i o n s  a n d  L 2 ( F i g s .  3 . 5 0  -  3 . 5 1 )  r e l a t i v e  t o  t h a t  f o r  M g 2+  a n d  C a 2+ ( F i g .  
3 . 4 8  a n d  3 . 4 9 )  s u g g e s t s  t h a t  t h e  s t a b i l i t y  o f  t h e  f o r m e r  c a t i o n s  w i t h  L 2 i n  t h i s  s o l v e n t  
i s  g r e a t e r  t h a n  t h a t  f o r  t h e  l a t t e r  c a t i o n .  T h i s  s t a t e m e n t  i s  b a s e d  o n  t h e  r e l a t i v e  
s h a r p n e s s  o f  t h e  b r e a k  p o i n t s  w h e n  S r 2 +  a n d  B a 2+ a r e  i n v o l v e d  i n  t h e  c o m p l e x a t i o n  
p r o c e s s .  T h e r e f o r e  i t  i s  c o n c l u d e d  t h a t  t h e r e  i s  a  s i z e  e f f e c t  i n  m o v i n g  f r o m  t h e  
s m a l l e r  t o  t h e  l a r g e r  c a t i o n s  a s  f a r  a s  c o m p l e x  s t a b i l i t y  is  c o n c e r n e d .
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ILj J/Mg2+]
F i g .  3 . 4 8  C o n d u c t o m e t r i c  c u r v e  f o r  t h e  t i t r a t i o n  o f  t h e  m a g n e s i u m  s a l t  ( a s  
p e r c h l o r a t e )  w i t h  L 2 i n  m e t h a n o l  a t  2 9 8 . 1 5  K .
Fig. 3.49 Conductometric curve for the titration of the calcium salt (as
perchlorate) with L 2 in methanol at 298.15 K.
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F i g .  3 . 5 0  C o n d u c t o m e t r i c  c u r v e  f o r  t h e  t i t r a t i o n  o f  t h e  s t r o n t i u m  s a l t  ( a s  
p e r c h l o r a t e )  w i t h  L 2 i n  m e t h a n o l  a t  2 9 8 . 1 5  K .
[L l^/lBa3*]
F i g .  3 . 5 1  C o n d u c t o m e t r i c  c u r v e  f o r  t h e  t i t r a t i o n  o f  t h e  b a r i u m  s a l t  ( a s  
p e r c h l o r a t e )  w i t h  L 2 i n  m e t h a n o l  a t  2 9 8 . 1 5  K .
R e g a r d i n g  t r a n s i t i o n  a n d  h e a v y  m e t a l  c a t i o n s  c o n d u c t o m e t r i c  t i t r a t i o n s  ( F i g s .  3 . 5 2  -  
3 . 5 5 ) ,  s h o w  t h a t  1 : 1  c o m p l e x e s  a r e  f o r m e d .  T h e  s t o i c h i o m e t r y  w a s  o b t a i n e d  b y  
e x t r a p o l a t i n g  t h e  l i n e a r  p o r t i o n s  o f  t h e  t i t r a t i o n  c u r v e s  a t  l o w  a n d  h i g h  m o l a r  r a t i o s .
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[ L j J / f C d 2* ]
F i g .  3 . 5 2  C o n d u c t o m e t r i c  c u r v e  f o r  t h e  t i t r a t i o n  o f  t h e  c a d m i u m  s a l t  ( a s  
p e r c h l o r a t e )  w i t h  L 2 i n  m e t h a n o l  a t  2 9 8 . 1 5  K .
F i g .  3 . 5 3  C o n d u c t o m e t r i c  c u r v e  f o r  t h e  t i t r a t i o n  o f  t h e  m e r c u r y  s a l t  ( a s  
p e r c h l o r a t e )  w i t h  L 2 i n  m e t h a n o l  a t  2 9 8 . 1 5  K .
[L.2 |/ £IM>I + I
Fig. 3.54 Conductometric curve for the titration of the lead salt (as perchlorate)
with L 2 in methanol at 298.15 K.
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[I-2 } / [ Z n J+J
F i g .  3 . 5 5  C o n d u c t o m e t r i c  c u r v e  f o r  t h e  t i t r a t i o n  o f  t h e  z i n c  s a l t  ( a s  p e r c h l o r a t e )  
w i t h  L 2 i n  m e t h a n o l  a t  2 9 8 . 1 5  K .
C o n c l u s i o n s
F r o m  c o n d u c t a n c e  m e a s u r e m e n t s  i t  c a n  b e  c o n c l u d e d  t h a t :
i )  A s  f a r  a s  L i  i s  c o n c e r n e d  c o n d u c t a n c e  d a t a  s h o w s  1 : 1  c o m p l e x  f o r m a t i o n  
w i t h  u n i v a l e n t  a n d  b i v a l e n t  m e t a l  c a t i o n s ,  e x c e p t  f o r  A g +  w h i c h  d o e s  n o t  s h o w  
a n y  o f  c h a n g e s  i n  t h e  s l o p e  a t  a n y  g i v e n  m o l a r  r a t i o  i n  a c e t o n i t r i l e  a t  2 9 8 . 1 5  K .  
M o v i n g  t h e  i n v e s t i g a t i o n  t o  m e t h a n o l  t h e  c o m p o s i t i o n  o f  t h e  u n i v a l e n t  m e t a l  
c a t i o n s  a n d  t h i s  l i g a n d  i s  n o t  a l t e r e d .  H o w e v e r  a m o n g  t h e  b i v a l e n t  m e t a l  
c a t i o n s ,  L i  h a s  t h e  a b i l i t y  t o  i n t e r a c t  o n l y  w i t h  B a 2+  i n  t h i s  s o l v e n t  a t  2 9 8 . 1 5  K .
i i )  T h e  i n t e r a c t i o n  o f  L 2 a n d  L i +  a n d  N a +  i n  a c e t o n i t r i l e  a t  2 9 8 . 1 5  K  l e a d s  t h e  
f o r m a t i o n  o f  1 : 2  a n d  1 : 1  ( L 2: M + ) c o m p l e x e s .  T h e  f o r m e r  s e e m s  t o  b e  a  w e a k  
c o m p l e x  w h i l e  t h e  l a t t e r  a p p e a r s  t o  b e  s t r o n g e s t  c o m p l e x  a m o n g  t h e s e  t w o  
s t o i c h i o m e t r i e s .  O n  t h e  o t h e r  h a n d ,  L 2 h a s  t h e  a b i l i t y  t o  f o r m  c o m p l e x e s  o f  1 : 1  
s t o i c h i o m e t r y  w i t h  t h e  l a r g e s t  a l k a l i  a n d  s i l v e r  m e t a l  c a t i o n s  a s  w e l l  a s  w i t h  t h e  
b i v a l e n t  o n e s .  A s  f a r  a s  m e t h a n o l  i s  c o n c e r n e d ,  i n t e r a c t i o n  o f  L 2 w i t h  u n i v a l e n t  
a n d  b i v a l e n t  m e t a l  c a t i o n s  l e a d s  t o  t h e  f o r m a t i o n  o f  1 : 1  c o m p l e x e s .
3.6  U V  spectrophotom etry studies
U V  s p e c t r o p h o t o m e t r y  is  a l s o  a  s u i t a b l e  t e c h n i q u e  f o r  t h e  d e t e r m i n a t i o n  o f  t h e  
c o m p o s i t i o n  a n d  s t r e n g t h  o f  c o m p l e x  f o r m a t i o n  b e t w e e n  m a c r o c y c l e s  a n d  g u e s t  
s p e c ie s .  T h i s  w a s  u s e d  f o r  t h e  f i r s t  t i m e  b y  P e d e r s e n  i n  1 9 6 2 . 149, C h a n g e s  i n  t h e
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a b s o r b a n c e  o f  t h e  l i g a n d  b y  t h e  a d d i t i o n  o f  t h e  m e t a l  c a t i o n  i n d i c a t e  t h e  p r e s e n c e  o f  
c a t i o n - l i g a n d  i n t e r a c t i o n .
T h e  s t o i c h i o m e t r y  o f  t h e  c o m p l e x  c a n  b e  d e t e r m i n e d  b y  r e c o r d i n g  t h e  a b s o r b a n c e  o f  
t h e  l i g a n d  a n d  p l o t t i n g  i t  a g a i n s t  t h e  l i g a n d : m e t a l  c a t i o n  m o l a r  r a t i o  a t  a n  a p p r o p r i a t e  
w a v e l e n g t h .
3.6.1 Spectrophotom etric  titration o f  L 2 with L f  and  N a +, (as perchlorates) in 
acetonitrile a t 298 K
T h e  c o m p l e x a t i o n  p r o p e r t i e s  o f  L 2 t o w a r d s  L i + a n d  N a + w e r e  i n v e s t i g a t e d  b y  U V  
s p e c t r o p h o t o m e t r y  t i t r a t i o n s  i n  a c e t o n i t r i l e  a t  2 9 8  K .  I n  d o i n g  s o ,  c o m p a r i s o n s  
b e t w e e n  t h e  U V  s p e c t r a  o f  t h e  f r e e  l i g a n d  a n d  t h o s e  f o r  t h e  l i g a n d : m e t a l - i o n  
c o m p l e x e s  w e r e  m a d e .  ( F i g s .  3 . 5 6  a  a n d  3 . 5 6  b  f o r  L i + a n d  N a + r e s p e c t i v e l y ) .  T h e  
c h a n g e  i n  t h e  a b s o r b a n c e  o f  L 2 u p o n  a d d i t i o n  o f  t h e  g u e s t  ( l i t h i u m  a n d  s o d i u m  
p e r c h l o r a t e s )  s u g g e s t s  t h a t  c o m p l e x a t i o n  is  t a k i n g  p l a c e  b e t w e e n  t h e  l i g a n d  a n d  t h e  
m e t a l  c a t i o n s  i n  a c e t o n i t r i l e  a t  2 9 8  K .  I n  m o s t  c a s e s ,  p r o n o u n c e d  c h a n g e s  d e m o n s t r a t e  
t h e  f o r m a t i o n  o f  a  s t a b l e  c o m p l e x .  H o w e v e r  t h e  a b s e n c e  o f  a  v a r i a t i o n  d o e s  n o t  
u n a m b i g u o u s l y  m e a n  a  s m a l l  o r  n e g l i g i b l e  i n t e r a c t i o n  b e t w e e n  t h e  m e t a l - i o n  a n d  t h e  
l i g a n d .  T h e r e f o r e ,  t h e  s t o i c h i o m e t r y  o f  t h e s e  c o m p l e x e s  w a s  d e t e r m i n e d  b y  p l o t t i n g  
t h e  a b s o r b a n c e  v e rs u s  t h e  M + / L  m o l a r  r a t i o .  A b o v e  a  c e r t a i n  c o n c e n t r a t i o n  o f  m e t a l  
i o n  n o  f u r t h e r  v a r i a t i o n  i n  t h e  s h a p e  o f  t h e  s p e c t r u m  w a s  o b s e r v e d .
Wavelength, nm
F i g .  3 . 5 6 a  S p e c t r o p h o t o m e t r i c  t i t r a t i o n  o f  L 2 w i t h  t h e  l i t h i u m  s a l t  ( a s  
p e r c h l o r a t e )  i n  a c e t o n i t r i l e  a t  2 9 8 . 1 5  K
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F i g .  3 . 5 7 6 b  S p e c t r o p h o t o m e t r i c  t i t r a t i o n  o f  L 2 w i t h  s o d i u m  s a l t  ( a s  p e r c h l o r a t e )  
i n  a c e t o n i t r i l e  a t  
2 9 8 . 1 5  K
F i g s .  3 . 5 7  a  a n d  3 . 5 7  b  a r e  p l o t s  o f  a b s o r b a n c e s  ( A )  o f  t h e  l i g a n d  a g a i n s t  t h e  L 2 : M + 
m o l a r  r a t i o  f o r  L i + a n d  N a + r e s p e c t i v e l y  i n  a c e t o n i t r i l e  a t  2 9 8  K .  I n s p e c t i o n  o f  t h e  
p l o t s  r e v e a l s  a  d e c r e a s e  o f  t h e  a b s o r b a n c e  o f  L 2 f r o m  A  t o  B  i n d i c a t i n g  t h a t  a n  
i n t e r a c t i o n  is  t a k i n g  p l a c e  b e t w e e n  t h e  l i g a n d  a n d  t h e s e  c a t i o n s  i n  a c e t o n i t r i l e .  N o  
c h a n g e s  i n  t h e  a b s o r b a n c e  a r e  o b s e r v e d  a f t e r  t h e  b r e a k  a t  t h e  1 : 1  ( M + : L 2 )  
s t o i c h i o m e t r y  ( f r o m  B  t o  C )  s u g g e s t i n g  t h a t  o n e  m e t a l  c a t i o n  is  t a k i n g  u p  p e r  L 2 u n i t .  
T h e s e  r e s u l t s  d i f f e r  f r o m  t h e  c o m p o s i t i o n  o f  t h e  m e t a l - i o n  c o m p l e x e s  i n v o l v i n g  
L i + a n d  N a +  c a t i o n s  a n d  L 2 i n  a c e t o n i t r i l e  d e r i v e d  f r o m  c o n d u c t o m e t r y .  I t  s h o u l d  
b e  n o t e d  t h a t  t h e  m a n n e r  o f  t h e  e x p e r i m e n t  is  c o n d u c t e d  d i f f e r s  f r o m  o n e  a n o t h e r .  
S i n c e  t h e  f o r m a t i o n  o f  a  w e a k  2 : 1  ( m e t a l  d i g a n d )  o c c u r  i n  a n  e x c e s s  o f  m e t a l  
c a t i o n  ( L i + a n d  N a + )  f o l l o w e d  b y  t h e  f o r m a t i o n  o f  a n  s t r o n g  1 : 1  c o m p l e x  a f t e r  t h e  
a d d i t i o n  o f  a n  e x c e s s  a m o u n t  o f  L 2 . T h e r e f o r e  t h e  c o m p o s i t i o n  o f  t h e  c o m p l e x  
w i l l  d i f f e r  a c c o r d i n g  t o  w i t h  e x p e r i m e n t a l  c o n d i t i o n s  ( i n  t h e  U V ,  t h e  l i g a n d  i s  i n  
t h e  v e s s e l  a n d  i n  c o n d u c t a n c e  m e a s u r e m e n t s  t h e  m e t a l  c a t i o n  i s  i n  t h e  v e s s e l ) .
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F i g .  3 . 5 7  a .  P l o t  o f  a b s o r b a n c e  a g a i n s t  [ L i + ] / [ L 2]  m o l a r  r a t i o  i n  a c e t o n i t r i l e  a t  2 9 8  
K .
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F i g .  3 . 5 7  b .  P l o t  o f  a b s o r b a n c e  a g a i n s t  [ N a + ] / [ L 2]  m o l a r  r a t i o  i n  a c e t o n i t r i l e  a t  
2 9 8  K .
H a v i n g  e s t a b l i s h e d  t h e  c o m p o s i t i o n  o f  t h e  m e t a l  c a t i o n  c o m p l e x e s  a n d  g a i n e d  
s e m i q u a n t i t a t i v e  i n f o r m a t i o n  r e g a r d i n g  t h e  s t r e n g t h  o f  t h e s e  c o m p l e x e s  t h r o u g h  
c o n d u c t o m e t r i c  a n d  U V  s p e c t r o p h o t o m e t r i c  m e a s u r e m e n t s ,  t h e  t h e r m o d y n a m i c s  o f  
t h e s e  s y s t e m s  w a s  i n v e s t i g a t e d  u s i n g  p o t e n t i o m e t r y  a n d  c a l o r i m e t r y  t e c h n i q u e s  
a n d  t h i s  i s  n o w  d i s c u s s e d .
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3 . 7  T h e r m o d y n a m ic s  o f  c o m p le x a t io n  o f  L j  a n d  L 2 w i t h  m e t a l  c a t io n s  in  
a c e t o n i t r i le  a n d  m e t h a n o l
3 .7 .1  T i t r a t io n  c a lo r im e t r y
T i t r a t i o n  c a l o r i m e t r y  i s  a  t e c h n i q u e  d e v e l o p e d  a n d  a p p l i e d  e x t e n s i v e l y  b y  
C h r i s t e n s e n  a n d  I z a t t 127,150 f o r  t h e  d e t e r m i n a t i o n  o f  t h e  s t a b i l i t y  c o n s t a n t ,  IC S a n d  
e n t h a l p y  v a l u e s ,  A CH ,  f o r  t h e  c o m p l e x a t i o n  p r o c e s s  i n v o l v i n g  m e t a l  c a t i o n s  a n d  
m a c r o c y c l i c  l i g a n d s .  P r i o r  t o  t h e  d e t e r m i n a t i o n  o f  t h e  t h e r m o d y n a m i c s  o f  
c o m p l e x a t i o n ,  t h e  b u r e t t e  d e l i v e r y  r a t e  a n d  s t a n d a r d  r e a c t i o n  t o  c h e c k  t h e  r e l i a b i l i t y  
o f  t h e  e q u i p m e n t  w e r e  p e r f o r m e d .
3 .7 .1 .1  D e te r m in a t io n  o f  t h e  b u r e t te  d e l iv e r y  r a te  ( B D R )
T a b l e  3 . 1 3  s h o w s  t h e  d e l i v e r y  r a t e  b y  m e a s u r i n g  t h e  w e i g h t  o f  w a t e r  d e l i v e r e d  b y  
t h e  b u r e t t e  a s  a  f u n c t i o n  o f  t i m e  ( s e c o n d s ,  s ) .  I n  o r d e r  t o  c a l c u l a t e  t h e  n u m b e r  o f  
m o l e s  o f  r e a c t a n t  a d d e d  t o  t h e  r e a c t i o n  v e s s e l ,  t h e  v o l u m e  o f  t i t r a n t  d e l i v e r e d  p e r  
s e c o n d  m u s t  b e  d e t e r m i n e d .  T h e  b u r e t t e  d e l i v e r y  r a t e  w a s  c a l c u l a t e d  f r o m  e q .  3 . 1 1 .
w
B D R  = ------------------------------------------------------------------  ( e q .  3 . 1 1 )
p .t
I n  e q .  3 . 1 1 ,  w  i s  t h e  w e i g h t  o f  w a t e r  i n  g r a m s ,  p  i s  d e  d e n s i t y  o f  w a t e r  ( g  c m ' 3)  a t  t h e  
t e m p e r a t u r e  o f  c a l i b r a t i o n  a n d  t  i s  t h e  c o l l e c t i o n  t i m e  ( s ) .  T h e  r e s u l t s  a r e  l i s t e d  i n  
T a b l e  3 . 1 3 .  T h e  s t a n d a r d  d e v i a t i o n  o f  t h e  d a t a  i s  a l s o  i n c l u d e d  i n  t h i s  T a b l e .
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T a b l e  3 . 1 3 .  D e t e r m i n a t i o n  o f  t h e  B u r e t t e  D e l i v e r y  R a t e  ( B D R )  f o r  t h e  T r o n a c  
4 5 0  c a l o r i m e t e r  a t  2 9 8 . 1 5  K
T i m e
( s )
w e i g h t
( R )
B D R  
( d m 3 s 1)
1 3 0 . 0 9 0 . 1 9 8 5 9 6 . 6 3 x 1 0 ' "
2 3 0 . 0 3 0 . 1 9 7 9 0 6 . 6 2  x l O '3
3 2 9 . 8 2 0 . 1 9 3 2 3 6 .5 1  x l O '3
4 2 9 . 9 4 0 . 1 9 5 0 1 6 . 5 4 x 1 0 '3
5 3 0 . 2 4 0.20010 6 . 6 5  x l O '3
6 3 0 . 0 7 0 . 1 9 8 7 5 6 . 6 4  x l O '3
7 2 9 . 9 7 0 . 1 9 7 2 0 6 .6 1  x l O "3
8 3 0 . 2 9 0.20012 6 . 6 4 x 1  O '3
9 2 9 . 7 2 0 . 1 9 4 6 7 6 . 5 8  x l O '3
10 3 0 . 8 2 0 . 2 0 3 0 9 6 . 6 2  x l O "3
T h e  B D R  v a l u e  w a s  t a k e n  f r o m  t h e  a v e r a g e  o f  v a l u e s  r e p o r t e d  i n  T a b l e  3 . 1 3  a n d  w a s  
f o u n d  t o  b e  6.6 x  1 0 '3 d m 3 s ' 1 ±  0 . 0 5 .
3.7.1.2 Calibration o f  the  ca lorim eter (Tronac 450)
T h e  r e l i a b i l i t y  o f  t h e  c a l o r i m e t e r  w a s  c h e e k e d  u s i n g  t h e  p r o t o n a t i o n  o f  T H A M  b y  
h y d r o c h l o r i c  a c i d  i n  w a t e r  a t  2 9 8 . 1 5  K 133. I n  T a b l e  3 . 1 4 ,  t h e  e n t h a l p i e s  o f  
p r o t o n a t i o n  o f  T H A M  i n  k J  m o l ' 1 i n  w a t e r  a t  2 9 8 . 1 5  K  a r e  l i s t e d .
T a b l e  3 . 1 4  E n t h a l p y  o f  P r o t o n a t i o n  o f  T H A M  i n  w a t e r  a t  2 9 8 . 1 5  K
V o l u m e Q t Q h Q P A PH
T H A M
( m l )
( J ) ( J ) ( J ) ( k J  m o l ' 1)
0 . 1 3 6 9 - 0 . 3 9 1 0.002 - 0 . 3 9 3 - 4 7 . 6 5
0 . 1 3 4 7 - 0 . 3 8 4 0.002 - 0 . 3 8 6 - 4 7 . 5 5
0 . 1 3 5 8 - 0 . 3 9 4 0.002 - 0 . 3 8 6 - 4 7 . 1 7
0 . 1 3 6 7 - 0 . 3 9 1 0.002 - 0 . 3 9 3 - 4 7 . 7 0
0 . 1 3 7 1 - 0 . 3 9 1 0.002 - 0 . 3 9 3 - 4 7 . 5 8
0 . 1 3 5 7 - . 0 3 8 4 0.002 - 0 . 3 8 6 - 4 7 . 2 2
0 . 1 3 9 0 - 0 . 3 9 8 0.002 - 0 . 4 0 0 - 4 7 . 7 8
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T h e  a v e r a g e  v a l u e  o f  t h e  e n t h a l p y  o f  p r o t o n a t i o n  f o r  T H A M  ( A PH °  - 4 7 . 5 2  ±  0 . 2 4  k J  
m o l " 1)  d a t a  g i v e n  i n  T a b l e  3 . 1 4  w a s  t a k e n  a s  t h e  s t a n d a r d  e n t h a l p y  o f  p r o t o n a t i o n .  
T h i s  v a l u e  i s  i n  g o o d  a g r e e m e n t  w i t h  t h o s e  r e p o r t e d  i n  t h e  l i t e r a t u r e  b y  E a t o u g h  et. 
a l.  ( A p H ° =  -  4 7 . 4 7  k J  m o l " 1) 150,  O j e l u n d  a n d  W a d s o  ( A pH °  =  -  4 7 . 4 9  k J  m o l ' 1) 151 a n d  
W i l s o n  a n d  S m i t h  ( A PH ° = -  4 7 . 4 9  k J  m o l ' 1) 152.
3 .7 .2  D e t e r m in a t io n  o f  e q u i l i b r i u m  c o n s ta n ts  a n d  e n t h a lp y  o f  c o m p le x a t io n  o f  
L j  a n d  L 2 w i t h  m e t a l  c a t io n s  i n  a c e t o n i t r i le  a n d  m e t h a n o l  a t  2 9 8 .1 5  K
T h e  c o m p l e x a t i o n  o f  L i  a n d  L 2 w i t h  m e t a l  c a t i o n s  i n  a c e t o n i t r i l e  a n d  m e t h a n o l  w a s  
i n v e s t i g a t e d  u s i n g  t h e  T r o n a c  4 5 0  a n d  t h e  2 2 7 7  T A M  c a l o r i m e t e r s  a t  2 9 8 . 1 5  K .
T h e  L : M n+ c o m p l e x  c o m p o s i t i o n  w a s  e s t a b l i s h e d  b y  c o n d u c t o m e t r i c  s t u d i e s  a s  
d i s c u s s e d  i n  t h e  p r e v i o u s  S e c t i o n  ( 3 . 5 . 1 . 2  a n d  3 . 5 . 1 . 3 ) .  T h e r e f o r e  t h e  f o r m a t i o n  o f  a  
r e p r e s e n t a t i v e  e q u a t i o n  o f  t h e  p r o c e s s  t a k i n g  p l a c e  c a n  b e  f o r m u l a t e d .  T a k i n g  i n t o  
a c c o u n t  t h a t  t h e  e x p e r i m e n t a l  c o n c e n t r a t i o n  r a n g e  u s e d  i n  t h e s e  i n v e s t i g a t i o n s  w a s  
t h a t  a t  w h i c h  t h e  m e t a l  c a t i o n  s a l t s  a r e  f u l l y  d i s s o c i a t e d ,  t h e  r e a c t i o n  t a k i n g  p l a c e  is  
r e p r e s e n t e d  i n  e q .  3 . 1 2 .
M n+( s )  +  L ( s ) — M n+L ( s )  ( e q .  3 . 1 2 )
I n  t h i s  e q u a t i o n ,  M n + , L ,  M n+L  a n d  s  a r e  t h e  n o t a t i o n s  f o r  t h e  m e t a l  c a t i o n ,  t h e  l i g a n d ,  
t h e  m e t a l : l i g a n d  c o m p l e x  c a t i o n  a n d  t h e  s o l v e n t  r e s p e c t i v e l y .  T h e  n o t a t i o n  K s d e n o t e s  
t h e  s t a b i l i t y  c o n s t a n t  o f  t h e  m e t a l - i o n  c o m p l e x .
I t  i s  i m p o r t a n t  t o  m e n t i o n  a t  t h i s  p o i n t  t h a t  t h e  e x p e r i m e n t a l  w o r k  u s i n g  t h e  2 2 7 7  
T A M  c a l o r i m e t e r  w a s  p e r f o r m e d  b y  D r .  M .  S h e h a b ,  D r .  I .  A b b a s  a n d  M r .  T .  
M a t s u f i i j i  a t  t h e  T h e r m o c h e m i s t r y  L a b o r a t o r y .
3 .7 .2 .1  D e t e r m in a t io n  o f  t h e  s t a b i l i t y  c o n s t a n t  a n d  t h e  e n t h a lp y  o f  c o m p le x a t io n  
b y  c o m p e t i t iv e  c a lo r im e t r i c  t i t r a t io n s .
141
T h e  p r o c e s s  t a k i n g  p l a c e  i n  a  c o m p e t i t i v e  c a l o r i m e t r i c  t i t r a t i o n  i s  r e p r e s e n t e d  i n  e q .  
3 . 1 3 ,  w h e r e  t h e  s o l u t i o n  o f  a  m e t a l  c a t i o n  M 2 m+ ( f o r  w h i c h  i t s  s t a b i l i t y  c o n s t a n t  w i t h  
t h e  l i g a n d  i s  t o  b e  d e t e r m i n e d ) ,  i s  t i t r a t e d  i n t o  t h e  r e a c t i o n  v e s s e l  c o n t a i n i n g  a  m e t a l -  
i o n  c o m p l e x ,  M i n+L  w h o s e  s t a b i l i t y  c o n s t a n t  a n d  e n t h a l p y  v a l u e s  a r e  w e l l  e s t a b l i s h e d .
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M f L  +  M j  L > y  +  ( e q .  3 . 1 3 )
T h e  o v e r a l l  s t a b i l i t y ,  K ov, f o r  t h e  p r o c e s s  d e s c r i b e d  i n  e q .  3 . 1 3 ,  e x p r e s s e d  i n  t e r m s  o f  
m o l a r  c o n c e n t r a t i o n s  i s  g i v e n  b y  e q .  3 . 1 4 .
„  W  „  W T L ] r iu i . , , [ M n r tMr
ov r  s n + T l  r  j / « + i  ( e q .  5 . 1 4 )
MgL My f i e ] /±m„+l .[M2 ]y±Mn+
I n  t h e  c o m p e t i t i v e  t i t r a t i o n  a  n e w  s p e c ie s ,  M 2n+ is  i n t r o d u c e d  i n t o  t h e  r e a c t i o n  v e s s e l ,  
t h u s  t h e  c a l c u l a t i o n  o f  [ M 2n+L ]  r e q u i r e s  f u r t h e r  c o n s i d e r a t i o n .  T h e r e f o r e ,  t h e  c o m p u t e r  
p r o g r a m m e  w a s  m o d i f i e d  t o  c a l c u l a t e  K s a n d  A CH  u s i n g  t h e  f o l l o w i n g  s e t  o f
• 90
e q u a t i o n s ,
w r i  = [M r ]+ [M , ”Y ]  +  [ M n = w a - [ A C u  (eq .3 .15)
[ M " j - \ T = [ M ? ] + [ M j L ]  +  [ M " + ]  =  [ M " + ] r - [ M " + I ]  ( e q .  3 . 1 6 )
[ L ] r = [ M " j L ] + [ M " j L ]  +  [ M j L \  =  [ L ] T - [ M j L ]  ( e q .  3 . 1 7 )
I n  e q s .  3 . 1 5 - 3 . 1 7 ,  [ M i n+] x ,  [ M 2 " * ] t  a n d  [ L ] t  d e n o t e  t h e  t o t a l  m o l a r  c o n c e n t r a t i o n s  o f  
t h e  m e t a l  c a t i o n  i n  t h e  r e a c t i o n  v e s s e l ,  t h e  m e t a l  c a t i o n  a d d e d  f r o m  t h e  b u r e t t e  a n d  t h e  
l i g a n d ,  r e s p e c t i v e l y .  I n s e r t i n g  e q .  3 . 1 7  i n  3 . 1 5  i t  f o l l o w s  t h a t ,
=  [ M 0 ] t - [ L ] t - [ M f L ]  ( e q .  3 . 1 8 )
B y  i n s e r t i n g  e q s .  3 . 1 5 - 3 . 1 7  i n t o  e q .  3 . 1 4 ,  i t  f o l l o w s  t h a t
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K  K q ( [ C l r - ( W r  - [ ^ T I P )  
( [ i ] ,  - [ M Z L ] ) { [ M " 2*] -[ M " + I ] )
( e q .  3 . 1 9 )
R e a r r a n g e m e n t  o f  e q .  3 . 1 9  g i v e s
m T\ . K \  +[k l T)k w - m / m n ,  - [ m / l ?
( e q .  3 . 2 0 )
R e a r r a n g e m e n t  o f  e q .  3 . 2 0  l e a d s  t o  e q .  3 . 2 1
( K ov + l ) [ M T L ] 2 - [ M ^ M ] ( K 0f L ] r + K J M n r  +  t f C ] r - [ L \ r )  +  [ L \ [ M ? } T K 0V =  0
( e q .  3 . 2 1 )
D i v i d i n g  e q .  3 . 2 1  b y  K ov, i t  f o l l o w s  t h a t
1 + -
K
[M 2 L f - I M / L ]
ov J
[L]T + [ M n T +
[ M nf \ - [ L \
AT
+ [z ] r [ M n , = o
( e q . 3 . 2 2 )
S o l v i n g  t h i s  q u a d r a t i c  e q u a t i o n ,  t h e  [ M 2m +L ]  v a l u e  is  c a l c u l a t e d  f r o m  e q . 3 . 2 3 .
lr
' I
[ L ] T + W T ] T 0 M r \  [ L ] r - 4 [ L ] r [ M ' n T
I
2 b t )
( e q . 3 . 2 3 )
T h e r e f o r e ,  t h e  d e t e r m i n a t i o n  o f  t h e  t h e n n o d y n a m i c  p a r a m e t e r s  o f  c o m p l e x a t i o n  o f  L i  
a n d  L 2 w i t h  s e v e r a l  m e t a l  c a t i o n s  i n  a c e t o n i t r i l e  a t  2 9 8 . 1 5  IC  i s  d i s c u s s e d  i n  t h e  
f o l l o w i n g  S e c t i o n .
3 .7 .3  D e t e r m in a t io n  o f  t h e  t h e r m o d y n a m ic  p a r a m e te r s  o f  c o m p le x a t io n  o f  L j  
w i th  u n iv a le n t  a n d  b iv a le n t  m e t a l  c a t io n s  i n  a c e t o n i t r i le  a t  2 9 8 .1 5  K
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S t a b i l i t y  c o n s t a n t s  ( e x p r e s s e d  a s  l o g  K s) ,  s t a n d a r d  G i b b s  e n e r g i e s ,  A CG ° ,  e n t h a l p i e s ,  
A CH ° ,  a n d  e n t r o p i e s ,  A CS °  o f  c o m p l e x a t i o n  o f  L i  w i t h  u n i v a l e n t  a n d  b i v a l e n t  m e t a l  
c a t i o n s  i n  a c e t o n i t r i l e  a t  2 9 8 . 1 5  K  a r e  l i s t e d  i n  T a b l e  3 . 1 5 .  T h e s e  d a t a  w e r e  o b t a i n e d  
f r o m  d i r e c t  t i t r a t i o n  c a l o r i m e t r y  ( l o g  K s <  6)  a n d  c o m p e t i t i v e  c a l o r i m e t r y  ( l o g  IC S >  6)  
f o r  t h e  p r o c e s s  d e s c r i b e d  i n  e q .  3 . 1 2 .
T a b l e  3 . 1 5  T h e r m o d y n a m i c  p a r a m e t e r s  f o r  t h e  c o m p l e x a t i o n  o f  L i  w i t h  m e t a l  
c a t i o n s  i n  a c e t o n i t r i l e  a t  2 9 8 . 1 5  K
U n i v a l e n t
l o g  K s 
c a t i o n s
A CG °  
k J  m o l -1
A CH °  
k J  m o l ' 1
A CS °
J  K ' 1 m o l ' 1
L i + 4 . 8  ±  0 . 4  " - 2 5 . 5  ± 0 . 1 - 4 0 . 0  ±  0 . 4 - 4 9
N a + 5 . 2  ± 0 . 2 " - 2 9 . 6  ±  0 . 3 - 4 6 . 1  ± 0 . 1 - 5 5
K + 5 . 6  ± 0 . 3 " - 3 1 . 7  ±  0 . 2 - 5 2 . 6  ±  0 . 3 - 7 0
R b + 5 . 7  ± 0 . 2 " - 3 2 . 5  ± 0 . 1 - 5 0 . 6  ±  0 . 5 - 6 1
C s + 5 . 2  ± 0 . 2 " - 2 9 . 8  ±  0 . 2 - 4 3 . 9  ±  0 . 6 - 4 7
B i v a l e n t c a t i o n s
M g 2+ 4 . 6  ± 0 . 1 " - 2 6 . 1  ±  0.2 6 . 7  ± 0 . 1 1 10
C a 2+ 5 . 6  ± 0 . 3 " - 3 2 . 2  ±  0 . 2 - 4 8 . 4  ±  0 . 2 - 5 4
C d 2+ 5 . 1  ± 0 . 1 * - 2 8 . 9  ± 0 . 1 — —
H g 2+ 5 . 3  ± 0 . 3 " - 3 0 . 0  ±  0 . 2 - 2 3 . 7  ± 0 . 1 -21
S r 2+ 8 . 3  ± 0 . 2 " - 4 7 . 2  ± 0 . 1 - 4 9 . 8  ±  0 . 5 - 9
P b 2+ 7 . 8  ± 0 . 4 " - 4 4 . 7  ±  0 . 2 - 6 6 . 4  ±  0 . 4 - 7 3
B a 2+ 8 . 7  ± 0 . 2 " - 5 0 . 0  ±  0 . 3 - 9 0 . 1  ± 0 . 1 - 1 3 5
"  D i r e c t  m i c r o c a l o r i m e t r i c  t i t r a t i o n  
b U V  s p e c t r o p h o t o m e t r i c  t i t r a t i o n  
"  C o m p e t i t i v e  c a l o r i m e t r i c  t i t r a t i o n
R e p r e s e n t a t i v e  e x a m p l e s  o f  t h e  c a l o r i m e t r i c  t i t r a t i o n s  ( 2 2 7 7  T A M  c a l o r i m e t e r )  o f  L i  
w i t h  s o d i u m  ( a s  p e r c h l o r a t e )  i n  a c e t o n i t r i l e  a t  2 9 8 . 1 5  K  a r e  s h o w n  i n  F i g . 3 . 5 8 .  I n  t h i s  
F i g .  t h e  h e a t  f l o w  ( p W )  a g a i n s t  t h e  t i m e  ( h )  u p o n  c o m p l e x a t i o n  o f  L j  w i t h  N a +  ( a s  
p e r c h l o r a t e )  i n  a c e t o n i t r i l e  a t  2 9 8 . 1 5  K  i s  s h o w n .  A n  i n s p e c t i o n  o f  t h e  c a l o r i m e t r i c  
t i t r a t i o n  c u r v e  f o r  N a +  a n d  L i  ( F i g .  3 . 5 9 )  s h o w s  t h e  f o r m a t i o n  o f  a  1 : 1  c o m p l e x  i n  
a c e t o n i t r i l e .
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P ,f i\V  T i t r a t i o n  c u r v e  D i l u t i o n  c u r v e
30 -
F i g .  3 . 5 8  P l o t  o f  p o t e n t i a l  a g a i n s t  t i m e  f o r  t h e  c a l o r i m e t r i c  t i t r a t i o n  o f  s o d i u m  
( I )  ( a s  p e r c h l o r a t e )  w i t h  L i  i n  a c e t o n i t r i l e  a t  2 9 8 . 1 5  K  u s i n g  t h e  2 2 7 7  
T A M  c a l o r i m e t e r
kJ/mol Calculated <Current>
F i g .  3 . 5 9  C a l o r i m e t r i c  t i t r a t i o n  c u r v e  f o r  s o d i u m  ( a s  p e r c h l o r a t e )  w i t h  L i  i n  
a c e t o n i t r i l e  a t  2 9 8 . 1 5  K
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T h e  d a t a  i n  T a b l e  3 . 1 5  a r e  n o w  d i s c u s s e d .  T h e  c o m p l e x a t i o n  p r o c e s s e s  i n v o l v i n g  L i + , 
N a + ,  K + , R b + , C s + , C a 2 + ,  H g 2 + , S r 2 + , P b 2+  a n d  B a 2 +  c a t i o n s  i n  a c e t o n i t r i l e  a r e  
e n t h a l p y  c o n t r o l l e d  a n d  e n t r o p y  d e s t a b i l i s e d .  T h e  o n l y  e x c e p t i o n  i s  M g 2+ w h i c h  
s h o w s  t h e  o p p o s i t e  b e h a v i o u r  ( e n t r o p y  c o n t r o l l e d ) .  T h i s  m a y  b e  a t t r i b u t e d  t o  t h e  
h i g h e r  d e s o l v a t i o n  t h a t  t h e  c a t i o n  u n d e r g o e s  u p o n  c o m p l e x a t i o n .
D i f f e r e n t  p a r a m e t e r s  s u c h  a s  t h e  n u m b e r  o f  d o n o r  a t o m s ,  t h e  s i z e  o f  t h e  h y d r o p h i l i c  
c a v i t y ,  t h e  f l e x i b i l i t y  a n d  t h e  c o n f o r m a t i o n  o f  t h e  r e c e p t o r ,  t h e  e x t e n t  o f  p r e ­
o r g a n i z a t i o n  o f  t h e  l i g a n d  a n d  t h e  s o l v e n t ,  g o v e r n  t h e  b i n d i n g  a b i l i t i e s  a n d  
s e l e c t i v i t i e s  o f  m a c r o c y c l e  l i g a n d s  a n d  m e t a l  c a t i o n s  i n  t h e  c o m p l e x a t i o n  p r o c e s s .  
O n  t h e  b a s i s  o f  t h e s e  s t a t e m e n t s  t h e  b i n d i n g  p r o p e r t i e s  o f  L i  t o w a r d s  a l k a l i - m e t a l  
c a t i o n s  h a v e  b e e n  a s s e s s e d  b y  s t a b i l i t y  c o n s t a n t  m e a s u r e m e n t s  f o r  t h e  p r o c e s s  
d e s c r i b e d  i n  e q .  3 . 1 2 .  T h e s e  v a l u e s  ( T a b l e  3 . 1 5 )  d o  n o t  c h a n g e  s i g n i f i c a n t l y  w i t h  t h e  
c a t i o n  a l t h o u g h  t h e s e  a r e  s l i g h t l y  h i g h e r  f o r  t h e  l a r g e r  c a t i o n s  ( K + , R b +  a n d  C s + ) .
T h e  c o m p l e x a t i o n  p r o c e s s  is  m a i n l y  a  c o m p e t i t i o n  b e t w e e n  t h e  l i g a n d  a n d  t h e  s o l v e n t  
m o l e c u l e s  f o r  t h e  c a t i o n .  H o w e v e r ,  t h e s e  t w o  p r o c e s s e s ,  c a t i o n  d e s o l v a t i o n  a n d  
l i g a n d  b i n d i n g  e n e r g y  p l a y  a  m a j o r  r o l e  i n  t h e  c o m p l e x a t i o n  p r o c e s s .  I t  i s  t h e  b a l a n c e  
o f  t h e s e  t w o  p r o c e s s e s  w h i c h  c o n t r i b u t e  s i g n i f i c a n t l y  t o  t h e  s t a b i l i t y  o f  c o m p l e x  
f o r m a t i o n .  T h e r e f o r e  a n  a t t e m p t  i s  m a d e  t o  c o r r e l a t e  t h e  s t a b i l i t y  ( G i b b s  e n e r g y  o f  
c o m p l e x a t i o n ,  A CG ° )  v a l u e s  o f  L i  a n d  u n i v a l e n t  m e t a l  c a t i o n s  i n  a c e t o n i t r i l e  a t
2 9 8 . 1 5  K  a g a i n s t  t h e  G i b b s  e n e r g i e s  o f  s o l v a t i o n ,  A soiv G 0 o f  t h e s e  c a t i o n s .  T h e  
A soi v G °  r e s u l t s  f r o m  t h e  c o m b i n a t i o n  o f  t h e  c o r r e s p o n d i n g  d a t a  f o r  i o n i c  h y d r a t i o n ,  
A h y d G 0 a n d  t h e  s i n g l e - i o n  v a l u e  f o r  t h e  t r a n s f e r ,  A tG ° ,  o f  t h e  c a t i o n  f r o m  w a t e r  t o  t h e  
n o n - a q u e o u s  s o l v e n t s  ( d a t a  b a s e d  o n  t h e  P h 4 A s P h 4 B  c o n v e n t i o n ,  A p p e n d i x  C ) 153 a s  
s h o w n  i n  e q .  3 . 2 4 ,
A soJG ° ( M n+) ( s )  =  A hydG ° ( M n+ )  +  A t G ° ( H 20  - >  s )  ( e q . 3 . 2 4 )
A  p l o t  o f  A CG °  v a l u e s  f o r  L i  a n d  a l k a l i - m e t a l  c a t i o n s  i n  a c e t o n i t r i l e  a g a i n s t  t h e  
A So iv G °  o f  t h e s e  c a t i o n s  i n  t h i s  s o l v e n t  is  s h o w n  i n  F i g . 3 . 6 0 .  T h i s  F i g u r e  d e m o n s t r a t e s  
t h a t  t h e s e  f o r c e s  ( b i n d i n g  a n d  d e s o l v a t i o n )  a r e  p a r t i a l l y  c o m p e n s a t e d  s h o w i n g  a
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s e l e c t i v i t y  p e a k ,  w h e r e  t h e  m a x i m u m  s t a b i l i t y  i s  o b s e r v e d  f o r  r u b i d i u m  a n d  L i  i n  t h i s  
s o l v e n t .
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F i g .  3 . 6 0  G i b b s  E n e r g y  o f  c o m p l e x a t i o n  o f  L i  a n d  a l k a l i - m e t a l  c a t i o n s  i n  
a c e t o n i t r i l e  a g a i n s t  t h e  S t a n d a r d  G i b b s  E n e r g y  o f  s o l v a t i o n  o f  i o n s  
i n  t h i s  s o l v e n t
T o  a n a l y s e  t h e  e f f e c t  o f  c a t i o n  d e s o l v a t i o n  a n d  l i g a n d  b i n d i n g  i n  t e r m s  o f  t h e  
e n t h a l p i e s .  A  p l o t  o f  c o m p l e x a t i o n  e n t h a l p i e s ,  A CH °  v a l u e s  o f  L i  a n d  a l k a l i - m e t a l  
c a t i o n s  i n  a c e t o n i t r i l e  a g a i n s t  t h e  s t a n d a r d  e n t h a l p i e s  o f  s o l v a t i o n  o f  t h e s e  c a t i o n s  i n  
t h i s  s o l v e n t  i s  s h o w n  i n  F i g .  3 . 6 1 .  I t  i s  s h o w n  t h a t  t h e  e x o t h e r m i c  m a x i m u m  is  f o r  
p o t a s s i u m  a n d  L i  i n  a c e t o n i t r i l e .  T h u s ,  t h e  s h a l l o w  s e l e c t i v i t y  p e a k  o b s e r v e d  i n  
t e r m s  o f  A CG °  i s  e n t h a l p y  c o n t r o l l e d .  H o w e v e r  t h e  m o n o t o n i c  i n c r e a s e  i n  e n t r o p y  a s  
t h e  c a t i o n  s i z e  i n c r e a s e s  ( f r o m  K +  t o  C s + )  l e a d s  t o  a  d i s p l a c e m e n t  o f  t h e  c o m p l e x  
s t a b i l i t y  i n  f a v o u r  o f  R b +  d e s p i t e  t h a t  t h e  e x o t h e r m i c  m a x i m u m  i s  o b s e r v e d  f o r  
p o t a s s i u m .
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F i g .  3 . 6 1  E n t h a l p i e s  o f  c o m p l e x a t i o n  o f  L i  a n d  a l k a l i - m e t a l  c a t i o n s  i n  
a c e t o n i t r i l e  a g a i n s t  s o l v a t i o n  E n t h a l p i e s  o f  t h e s e  c a t i o n s  i n  t h i s  
s o l v e n t  a t  2 9 8 . 1 5  K
C o m p a r i s o n  o f  t h e s e  d a t a  w i t h  t h o s e  o f  a  r e l a t e d  p - t e r t - b u t y l  c a l i x [ 4 ] a r e n e  e s t e r  a n d  
a l k a l i - m e t a l  c a t i o n s ,  d e m o n s t r a t e d  t h a t  t h e  l a t t e r  l i g a n d  s h o w s  a  s h a r p  s e l e c t i v i t y  
p e a k  a n d  t h e  m a x i m u m  s t a b i l i t y  i s  f o u n d  f o r  t h e  s o d i u m  c o m p l e x  i n  a c e t o n i t r i l e .  T h e  
s i g n i f i c a n t  d e c r e a s e  i n  t h e  s e l e c t i v i t y  o f  t h e  r e c e p t o r  t o  i n t e r a c t  w i t h  t h e s e  m e t a l  
c a t i o n s  i n  m o v i n g  f r o m  t h e  t e t r a m e r  t o  t h e  p e n t a m e r  c a n  b e  d u e  t o  t h e  s i z e  o f  t h e  
c a v i t y  o f  t h e  r e c e p t o r .  T h u s  w h i l e  p - t e r t - b u t y l  c a l i x [ 4 ] a r e n e  e s t e r  is  s e l e c t i v e  f o r  
s o d i u m ,  t h e  p - t e r t - b u t y l  c a l i x [ 5 ] a r e n e  e s t e r  s e l e c t i v e l y  i n t e r a c t s  w i t h  t h e  l a r g e r  
c a t i o n s .  T h e  e n t h a l p i c  t r e n d  o b s e r v e d  f o r  t h e  t e t r a m e r  s h o w s  a l s o  a  s h a p e  s e l e c t i v i t y  
f o r  t h e  s o d i u m  c a t i o n .  T h e  e n t r o p y  i s  a  d e s t a b i l i s i n g  f a c t o r  t o  t h e  e x t e n t  t h a t  a s  t h e  
e n t h a l p i c  s t a b i l i t y  i n c r e a s e s ,  t h e r e  i s  t h e  h i g h e s t  e n t r o p y  lo s s .
A s  f a r  a s  t h e  c o m p l e x a t i o n  o f  L i  w i t h  b i v a l e n t  m e t a l  c a t i o n s  i s  c o n c e r n e d ,  t h e r e  a r e  
l a r g e  v a r i a t i o n s  i n  t h e  c o m p l e x  s t a b i l i t y  r a n g i n g  f r o m  l o g  K s v a l u e s  o f  4 . 5 7  f o r  M g 2+  
u p  t o  8 . 7 5  f o r  B a 2 + .
C a t i o n  d e s o l v a t i o n  a n d  l i g a n d  b i n d i n g  e n e r g i e s  p l a y  a  p r e d o m i n a n t  r o l e  o n  t h e  
s t a b i l i t y  o f  c o m p l e x  f o r m a t i o n  o f  m a c r o c y c l e s  a n d  m e t a l  c a t i o n s 56 . T h i s  m e a n s  t h a t  
t h e  b a l a n c e  b e t w e e n  t h e s e  t w o  f o r c e s  c o n t r i b u t e  s i g n i f i c a n t l y  t o  t h e  e q u i l i b r i u m
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r e p r e s e n t e d  b y  e q .  3 . 1 2 .  T h e r e f o r e ,  t h e  A CG °  v a l u e s  a g a i n s t  h y d r a t i o n  G i b b s  e n e r g i e s ,  
A h y d G 0 o f  b i v a l e n t  c a t i o n s  a r e  c o r r e l a t e d .
T h e  A tG °  v a l u e s  f o r  b i v a l e n t  c a t i o n s  f r o m  w a t e r  t o  a c e t o n i t r i l e  a r e  r e l a t i v e l y  s m a l l  
r e l a t i v e  t o  A h G °  v a l u e s  ( i . e .  f o r  B a 2+  A tG ° =  5 7 . 3  a n d  A h G °  = - 1 3 1 8  k J  m o l ' 1, A p p e n d i x  
C ) 57 . T h e r e f o r e ,  t h e  r e l a t i v e  s e q u e n c e  f o r  c a t i o n s  i s  a s s u m e d  t o  b e  t h e  s a m e  i n  w a t e r  
a n d  a c e t o n i t r i l e ,  b u t  m a k e s  A so|VG 0 i n  t h e  l a t t e r  s o l v e n t  s l i g h t l y  m o r e  p o s i t i v e  t h a n  
A h G ° .  T h e  d a t a  f o r  L i  a n d  b i v a l e n t  m e t a l  c a t i o n s  i n  a c e t o n i t r i l e  a r e  c o r r e l a t e d  i n  t e r m s  
o f  G i b b s  e n e r g i e s  o f  c o m p l e x a t i o n  a n d  h y d r a t i o n  o f  t h e s e  c a t i o n s  a s  s h o w n  i n  F i g .  
3 . 6 2 .  T h i s  F i g .  i l l u s t r a t e s  t h a t  t w o  f o r c e s ,  t h e  b i n d i n g  a n d  t h e  d e s o l v a t i o n  e n e r g i e s  a r e  
p a r t i a l l y  c o m p e n s a t e d .  A  m a x i m u m  s t a b i l i t y  is  r e a c h e d  f o r  B a 2 + , a f t e r  w h i c h  c a t i o n  
d e s o l v a t i o n  p r e d o m i n a t e s  o v e r  t h e  b i n d i n g  p r o c e s s .  T h u s  t h e  G i b b s  e n e r g y  d e c r e a s e s  
( b e c a m e  le s s  n e g a t i v e )  a s  t h e  h y d r a t i o n  o f  t h e  c a t i o n  i n c r e a s e s ,  o n c e  a g a i n  r e v e a l i n g  
t h e  c o m p e t i t i o n  b e t w e e n  t h e  l i g a n d  a n d  t h e  s o l v e n t  f o r  t h e  c a t i o n  i n  a c e t o n i t r i l e 154.
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F i g . 3 . 6 2  P l o t  o f  A CG °  v a l u e s  f o r  L j  c o m p l e x e s  w i t h  b i v a l e n t  m e t a l  c a t i o n s  i n  
a c e t o n i t r i l e  a g a i n s t  t h e  s t a n d a r d  h y d r a t i o n  G i b b s  e n e r g i e s  o f  b i v a l e n t  
c a t i o n s
T h e  r e s u l t s  i n  T a b l e  3 . 1 5  s h o w  t h a t  t h e  s t a b i l i t y  is  i n  a l l  c a s e s  e n t h a l p y  c o n t r o l l e d  
( e x c e p t  f o r  M g 2+  a n d  C d 2 + )  t o  a n  e x t e n t  t h a t  t h e  m a x i m u m  e x o t h e r m i c i t y  ( h i g h e r  
e n t h a l p i c  s t a b i l i t y )  i s  f o u n d  f o r  t h e  l o w e s t  s o l v a t e d  c a t i o n  ( B a 2 + ) .  T h e s e  s t a t e m e n t s  a r e
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b e s t  i l l u s t r a t e d  i n  F i g .  3 . 6 3 ,  w h e r e  A CH °  v a l u e s  a r e  p l o t t e d  a g a i n s t  A h H ° o f  t h e  c a t i o n .  
T h e  c h o i c e  o f  A h H °  r a t h e r  t h a n  A soivH 0 i s  b a s e d  o n ,
i )  F e w  d a t a  a r e  a v a i l a b l e  f o r  t h e  A tH °  o f  t h e s e  c a t i o n s  ( d a t a  b a s e d  o n  t h e  
P h 4A s P h 4B  c o n v e n t i o n )61 f r o m  w a t e r  t o  a c e t o n i t r i l e  a n d
i i )  t h e  m a g n i t u d e  o f  t h e  A tH °  ( H 20 - > M e C N )  v a l u e s  a r e  s m a l l  r e l a t i v e  t o  t h e i r  
h y d r a t i o n  e n t h a l p i e s 57 a n d  t h e r e f o r e  A soi v H °  w i l l  h a v e  t h e  s a m e  s e q u e n c e  a s  
A h H °  o f  b i v a l e n t  m e t a l  c a t i o n s .
F i g .  3 . 6 3  s h o w s  t h a t  a s  t h e  A h H °  f o r  t h e  c a t i o n  i n c r e a s e s  ( b e c o m e  m o r e  n e g a t i v e ) ,  t h e  
s t a b i l i t y  o f  c o m p l e x  f o r m a t i o n  ( i n  e n t h a l p i c  t e r m s )  d e c r e a s e s .  T h i s  i s  a t t r i b u t e d  t o  t h e  
f a c t  t h a t  t h e  d e s o l v a t i o n  p r o c e s s  ( e n d o t h e r m i c )  p r e d o m i n a t e s  o v e r  t h e  b i n d i n g  p r o c e s s  
( e x o t h e r m i c ) .  T h e r e f o r e  t h e  t r e n d  o b s e r v e d  i n  t h e  A CG °  a r e  a l s o  r e f l e c t e d  i n  t h e  A CH °  
v a l u e s  f o r  t h e s e  s y s t e m s  i n  a c e t o n i t r i l e  a t  2 9 8 . 1 5  K .
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F i g . 3 . 6 3  P l o t  o f  A CH °  v a l u e s  f o r  L i  c o m p l e x  w i t h  b i v a l e n t  m e t a l  c a t i o n s  i n  
a c e t o n i t r i l e  a g a i n s t  t h e i r  A hH 0
3 .7 .4  D e t e r m in a t io n  o f  t h e  t h e r m o d y n a m ic  p a r a m e te r s  o f  c o m p le x a t io n  o f  L i  
w i th  u n iv a le n t  a n d  b iv a le n t  m e t a l  c a t io n s  in  m e t h a n o l  a t  2 9 8 .1 5  K
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T a b l e  3 . 1 6  s h o w s  m a c r o c a l o r i m e t r i c  d a t a  f o r  t h e  c o m p l e x a t i o n  o f  L i  w i t h  m e t a l  
c a t i o n s  i n  m e t h a n o l  a t  2 9 8 . 1 5  K .  A s  f a r  a s  t h e  s t a b i l i t y  c o n s t a n t  i s  c o n c e r n e d  t h e  s a m e  
b e h a v i o u r  a s  i n  a c e t o n i t r i l e  is  f o u n d  f o r  a l k a l i - m e t a l  c a t i o n s  a n d  L i  w i t h  t h e  e x c e p t i o n  
o f  l i t h i u m  w h i c h  s h o w  e i t h e r  w e a k  o r  n o n  c o m p l e x a t i o n  i n  t h i s  s o l v e n t .  T h e  
c o m p l e x a t i o n  p r o c e s s  f o r  a l k a l i - m e t a l  c a t i o n s  ( e x c e p t  L i + )  i s  m o r e  f a v o u r e d  i n  t e r m s  
o f  e n t h a l p y ,  w h i l e  i n  t e r m s  o f  e n t r o p y  is  u n f a v o u r e d .  O n  t h e  o t h e r  h a n d  t h e  
c o m p l e x a t i o n  p r o c e s s  i s  e n t r o p y  f a v o u r a b l e  f o r  A g +  a n d  L i  i n  m e t h a n o l  a t  2 9 8 . 1 5  K .
T h e  A CG °  a g a i n s t  A soivG 0 i n  m e t h a n o l  f o r  t h i s  l i g a n d  a n d  t h e s e  m e t a l  c a t i o n s  ( F i g .  
3 . 6 4 )  s h o w  t h e  s a m e  p a t t e r n  t h a n  i n  a c e t o n i t r i l e ,  s h o w i n g  a  m a x i m u m  s t a b i l i t y  f o r  t h e  
r u b i d i u m  c o m p l e x .  H o w e v e r  p l o t t i n g  A CH °  a g a i n s t  A S0|VH 0 i n  m e t h a n o l  ( F i g .  3 . 6 5 ) ,  
s h o w s  t h a t  t h e  e n t h a l p y  ( a n d  c o n s e q u e n t l y  t h e  e n t r o p y )  s e e m s  t o  b e  m o r e  s e n s i t i v e  t o  
t h e  i n v o l v e m e n t  o f  t h e  s o l v e n t  e f f e c t s  r e s u l t i n g  f r o m  c h a n g e s  i n  t h e  s o l v e n t  s t r u c t u r e  
u p o n  c a t i o n  c o m p l e x a t i o n .  T h e  m a x i m u m  e x o t h e r m i c i t y  i s  f o u n d  f o r  t h e  r u b i d i u m  
c o m p l e x  i n  m e t h a n o l  a t  2 9 8 . 1 5  K  ( F i g .  3 . 6 4 ) .
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F i g .  3 . 6 4  A CG °  v a l u e s  f o r  L i  a g a i n s t  A soi v G 0 o f  u n i v a l e n t  m e t a l  c a t i o n s  i n  m e t h a n o l  
a t  2 9 8 . 1 5  K .
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F i g .  3 . 6 5  A CH °  v a l u e s  f o r  L i  a g a i n s t  A soi v H 0 o f  u n i v a l e n t  m e t a l  c a t i o n s  i n  m e t h a n o l  
a t  2 9 8 . 1 5  K .
A s  f a r  a s  b i v a l e n t  m e t a l  c a t i o n s  a r e  c o n c e r n e d ,  u n l i k e  i n  a c e t o n i t r i l e ,  L j  r e c o g n i s e s
Qa.
o n l y  B a  a n d  d i s c r i m i n a t e s  o t h e r  b i v a l e n t  m e t a l  c a t i o n s  i n  m e t h a n o l  a t  2 9 8 . 1 5  K  a s  
d e m o n s t r a t e d  p r e v i o u s l y  b y  * H  N M R  a n d  c o n d u c t o m e t r i c  s t u d i e s .  T h i s  b e h a v i o u r  c a n  
b e  a t t r i b u t e d  t o  t h e  s o l v a t i o n  o f  t h e  r e a c t a n t s  ( l i g a n d  a n d  m e t a l  c a t i o n )  i n  t h e  
i n v e s t i g a t e d  s o l v e n t s .  T h e  c o m p l e x a t i o n  o f  L i  a n d  B a 2+ i s  e n t h a l p i c a l l y  c o n t r o l l e d  a n d  
e n t r o p i c a l l y  u n f a v o u r e d  i n  m e t h a n o l  a t  2 9 8 . 1 5  K .
T a b l e  3 . 1 6  T h e r m o d y n a m i c  p a r a m e t e r  f o r  t h e  c o m p l e x a t i o n  o f  L i  w i t h  m e t a l  
c a t i o n s  i n  m e t h a n o l  a t  2 9 8 . 1 5  K
M e t a l l o g  K s A CG °  
k J  m o l 1
A CH °  
k J  m o l ' 1
A CS °
J  K 1 m o l ' 1
L i +
N a + 4 . 6  ±  0 . 3 - 2 6 . 2  ±  0.2 - 2 8 . 9  ±  0 . 5 - 9
K + 5 . 3  ±  0 . 2 - 3 0 . 4  ± 0 . 1 - 4 3 . 3  ±  0 . 2 - 4 3
R b + 5 . 6  ±  0 . 2 - 3 2 . 2  ± 0 . 1 - 4 5 . 8  ±  0 . 5 - 4 5
C s + 5 . 3  ± 0 . 1 - 3 0 . 4  ±  0 . 2 - 4 3 . 5  ± 0 . 4 - 4 4
A g + 4 . 3  ±  0 . 4 - 2 4 . 8  ±  0 . 2 - 2 2 . 1  ± 0 . 3 9
B a 2+ 4 . 4  ± 0 . 1 - 2 5 . 2  ±  0 . 2 - 3 3 . 5  ±  0 . 4 - 2 8
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H a v i n g  e s t a b l i s h e d  t h e  t h e r m o d y n a m i c  o f  c o m p l e x a t i o n  f o r  L i  a n d  m e t a l  c a t i o n s  i n  
a c e t o n i t r i l e  a n d  m e t h a n o l  a t  2 9 8 . 1 5  K ,  t h e  c o m p l e x a t i o n  o f  L 2 w i t h  t h e s e  m e t a l  
c a t i o n s  i n  t h e s e  s o l v e n t s  a t  2 9 8 . 1 5  K  i s  n o w  d i s c u s s e d .
5 . 7 . 5  D e t e r m in a t io n  o f  th e  t h e r m o d y n a m ic  p a r a m e te r s  o f  c o m p le x a t io n  o f  L 2 w i t h  
u n iv a le n t  a n d  b iv a le n t  m e t a l  c a t io n s  in  a c e t o n i t r i le  a t  2 9 8 .1 5  K
3 .7 .5 .1  P o t e n t io m e t r i c  t i t r a t io n s  o f  s i l v e r  a n d  s o d iu m  a n d  L 2 i n  a c e t o n i t r i le  a n d  
m e t h a n o l  a t  2 9 8 .1 5  K
T h e  p o t e n t i o m e t r i c  t i t r a t i o n  t e c h n i q u e  u s i n g  s i l v e r  a n d  s o d i u m  e l e c t r o d e s  w a s  u s e d  t o  
d e t e r m i n e  t h e  s t a b i l i t y  c o n s t a n t  o f  L 2 a n d  m e t a l  c a t i o n s  i n  a c e t o n i t r i l e  a t  2 9 8 . 1 5  K ,  a s  
d e s c r i b e d  i n  t h e  E x p e r i m e n t a l  S e c t i o n  2 . 8 . 3 .  T h e  s i l v e r  e l e c t r o d e  e n a b l e s  
m e a s u r e m e n t s  a t  v e r y  l o w  c o n c e n t r a t i o n s  ( o r  a c t i v i t i e s )  o f  t h e  s i l v e r  i o n  i n  s o l u t i o n ,  
w h i c h  o c c u r s  w h e n  r e l a t i v e l y  s t r o n g  s i l v e r  c o m p l e x e s  a r e  f o r m e d .  C o n s e q u e n t l y  
r e v e r s i b l e  s i l v e r / s i l v e r  a n d  s i l v e r / s o d i u m  e l e c t r o d e s  w e r e  u s e d  f o r  t h e  d i r e c t  
p o t e n t i o m e t r i c  d e t e r m i n a t i o n  o f  t h e  s t a b i l i t y  c o n s t a n t s  f o r  t h i s  l i g a n d  w i t h  s i l v e r  a n d  
s o d i u m  c a t i o n s  r e s p e c t i v e l y .  A  c o m p u t e r  p r o g r a m m e  c a l l e d  H y p e r q u a d 155 w a s  u s e d  t o  
p e r f o r m  t h e s e  c a l c u l a t i o n s .
3 .7 .5 .2  C a l ib r a t io n  o f  t h e  s i l v e r / s i lv e r  a n d  s i l v e r / s o d iu m  e le c t ro d e s
T h e  s i l v e r  a n d  s o d i u m  e l e c t r o d e s  w e r e  c a l i b r a t e d  a s  d e s c r i b e d  i n  t h e  E x p e r i m e n t a l  
S e c t i o n ,  ( 2 . 6 . 3 . ) .  F i g s .  3 . 6 6  -  3 . 6 7  s h o w  r e p r e s e n t a t i v e  e x a m p l e s  f o r  t h e  c a l i b r a t i o n  o f  
t h e  e l e c t r o d e s  p e r f o r m e d  p r i o r  t o  d e t e r m i n e  t h e  s t a b i l i t y  c o n s t a n t  o f  L 2 w i t h  s i l v e r  a n d  
s o d i u m  ( d i r e c t  p o t e n t i o m e t r i c  t i t r a t i o n )  i n  a c e t o n i t r i l e  a t  2 9 8 . 1 5  K .  T h e s e  F i g s .  a r e  
e s s e n t i a l l y  p l o t s  o f  t h e  p o t e n t i a l ,  E  ( m V )  a g a i n s t  - l o g  « [ m + ] ,  w h e r e  M +  =  A g +  a n d  N a +  
r e s p e c t i v e l y .
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-5 0
-6 0  -
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F i g .  3 . 6 6  C a l i b r a t i o n  o f  t h e  s i l v e r  e l e c t r o d e  i n  a c e t o n i t r i l e  a t  2 9 8 . 1 5  K .
-150
-170 -
> -190 -
E
fa -210 -
-230 -
-250 -
y =-57.77x+62.99 
R2 = 0.99
3.8 4.0 4.2 4.4
-log ffiNa+l
F i g .  3 . 6 7  C a l i b r a t i o n  o f  t h e  s o d i u m  e l e c t r o d e  i n  a c e t o n i t r i l e  a t  2 9 8 . 1 5  K .
T h e  v a l u e s  o b t a i n e d  i n  t h e  c a l i b r a t i o n  c u r v e  f o r  s i l v e r  a n d  s o d i u m  c a t i o n s  i n  
a c e t o n i t r i l e  a t  2 9 8 . 1 5  K  ( F i g s .  3 . 6 6  - 3 . 6 7 )  a r e  6 0 . 9  a n d  5 7 . 8  r e s p e c t i v e l y  t h i s  v a l u e s  
a r e  i n  a  r e a s o n a b l e  a g r e e m e n t  w i t h  t h e  t h e o r e t i c a l  v a l u e  ( 5 9 . 6 1  m V  f o r  u n i v a l e n t  
c a t i o n  a t  2 9 8 . 1 5  K )  c a l c u l a t e d  f r o m  t h e  N e r n s t  e q u a t i o n  g i v e n  i n  t h e  E x p e r i m e n t a l  
S e c t i o n .
3 .7 .5 .3  D e te r m in a t io n  o f  t h e  s t a b i l i t y  c o n s ta n ts  o f  s i l v e r  a n d  s o d iu m  c a t io n s  w i t h  L 2 
i n  a c e t o n i t r i le  a t  2 9 8 .1 5  K  b y  d i r e c t  p o t e n t io m e t r ic  t i t r a t io n
H a v i n g  p e r f o r m e d  t h e  c a l i b r a t i o n  o f  t h e  s i l v e r  a n d  s o d i u m  e l e c t r o d e s  i n  a c e t o n i t r i l e ,  a  
s o l u t i o n  o f  L 2 w a s  p r e p a r e d  i n  a c e t o n i t r i l e  a n d  t i t r a t e d  i n t o  a  s o l u t i o n  c o n t a i n i n g  a n  
e x c e s s  o f  m e t a l - i o n  ( A g +  o r  N a + )  i n  t h e  v e s s e l  o f  t h e  i n d i c a t o r  e l e c t r o d e ,  u n t i l  t h e
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f o r m a t i o n  o f  a  s t a b l e  L M *  c o m p l e x  ( e q .  3 . 2 5 ) .  D u r i n g  t h e  c o u r s e  o f  t h e  t i t r a t i o n ,  t h e  
p o t e n t i a l  o f  t h e  c e l l  d e c r e a s e s  a s  t h e  c o m p l e x  i s  f o r m e d .
M * ( M e C N )  +  L ( M e C N ) —  — >M+ L  ( M e C N )  ( e q .  3 . 2 5 )
I n  e q .  3 . 2 5 ,  t h e  s t a b i l i t y  c o n s t a n t ,  K s,  r e f e r s  t o  t h e  s t a n d a r d  s t a t e  o f  1 m o l  d m '3 f o r  t h e  
r e a c t a n t s  a n d  t h e  p r o d u c t .
K 1 =  - A c L - =  \M.u —  =  . ( e q .  3 . 2 6 )
au ,a L [ M * m  r iM. r ±L
I n  e q .  3 . 2 6 ,  [ M + L ] ,  [ M + ] ,  [ L ] ,  a  a n d  y  d e n o t e  t h e  m o l a r  c o n c e n t r a t i o n s  o f  t h e  m e t a l  
c o m p l e x ,  t h e  f r e e  m e t a l  c a t i o n ,  t h e  f r e e  l i g a n d  ( L 2) ,  t h e  a c t i v i t y  a n d  t h e  a c t i v i t y  
c o e f f i c i e n t  r e s p e c t i v e l y .  G i v e n  t h a t  t h e  l i g a n d  i s  n e u t r a l  ( n o n - e l e c t r o l y t e )  i t s  a c t i v i t y  
c o e f f i c i e n t  i s  c o n s i d e r e d  t o  b e  e q u a l  t o  u n i t  ( y ± L  = 1 )  a n d  f o r  r e l a t i v e l y  d i l u t e d  
s o l u t i o n s  y ± M +  =  7 ± m + l  t h e i r  a c t i v i t y  c o e f f i c i e n t  is  a s s u m e d  e q u a l  t o  u n i t .  T h e  t o t a l  
c o n c e n t r a t i o n  o f  t h e  m e t a l - i o n  ( A g +  o r  N a + )  [ M * ] x  i n  s o l u t i o n  i s  g i v e n  b y :
[ M + ] t  =  [ M + ]  +  [ M + L ]  ( e q .  3 . 2 7 )
R e a r r a n g i n g  e q .  3 . 2 7  g i v e s ,
[ M + X ]  =  [ M + ] r  ~ [ M + ]  ( e q .  3 . 2 8 )
T h e  a c t i v i t y  o f  t h e  f r e e  m e t a l  c a t i o n  a n d  h e n c e  t h e  c o n c e n t r a t i o n ,  i s  c a l c u l a t e d  f r o m  
t h e  N e r n s t  e q u a t i o n ,
R T
E  = E M+!M° + ~  111 a M+ ^  3’29)
n F
H e n c e
0 . 0 5 9
E  = E m+im° +  ------ 108  aM+ <ecl-3-30)
n
F o r  t h e s e  m e a s u r e m e n t s ,  a n  e l e c t r o c h e m i c a l  c e l l  f o r m e d  b y  t w o  s i l v e r  e l e c t r o d e s  w a s  
u s e d  a s  d e s c r i b e d  i n  t h e  E x p e r i m e n t a l  S e c t i o n  2 . 8 . 3 .  T h e  e l e c t r o m o t o r i c  f o r c e s ,  e m f
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( m v ) ,  m e a s u r e d  b y  t h e  p o t e n t i o m e t e r  is  t h e  d i f f e r e n c e  b e t w e e n  t h e  p o t e n t i a l s  o f  t h e  
r e f e r e n c e  a n d  w o r k i n g  e l e c t r o d e s :
T h e  i o n i c  s t r e n g t h  w a s  k e p t  c o n s t a n t  u s i n g  t e t r a - n - b u t y l a m m o n i u m  p e r c h l o r a t e  
( T B A P )  a n d  t h e r e f o r e ,  t h e  a c t i v i t i e s  i n  e q .  3 . 3 2  c a n  b e  r e p l a c e d  b y  c o n c e n t r a t i o n s  o f  
t h e  m e t a l - i o n .
T h e  c o n c e n t r a t i o n  o f  t h e  m e t a l  c a t i o n  i n  t h e  w o r k i n g  v e s s e l  c a n  b e  c a l c u l a t e d  f r o m  t h e  
p o t e n t i a l  r e a d i n g s  s i n c e  t h e  p o t e n t i a l  a n d  c o n c e n t r a t i o n  o f  t h e  m e t a l - i o n  o f  t h e  
r e f e r e n c e  v e s s e l  i s  c o n s t a n t  a n d  k n o w n .  T h e  t o t a l  c o n c e n t r a t i o n  o f  t h e  l i g a n d  i n  t h e  
r e a c t i o n  v e s s e l ,  [ L ] t , i s  c a l c u l a t e d  f r o m  e q .  3 . 3 4 .
T h e  s t a b i l i t y  c o n s t a n t  o f  t h e  s i l v e r  c o m p l e x  f o r m e d  i n  t h e  p r o c e s s  r e p r e s e n t e d  b y  e q .  
3 . 2 6 ,  w a s  c a l c u l a t e d  u s i n g  e q . 3 . 2 8 .  T h e  t o t a l  c o n c e n t r a t i o n s  o f  l i g a n d  a n d  m e t a l  
c a t i o n s  a r e  k n o w n ,  t h e  c o n c e n t r a t i o n  o f  m e t a l  c a t i o n  i n  e a c h  a d d i t i o n  c a n  b e  f o u n d  
f r o m  t h e  p o t e n t i a l  r e a d i n g s  ( e q .  3 . 3 3 ) .
T h e  d e r i v e d  s t a n d a r d  G i b b s  e n e r g y  o f  c o m p l e x a t i o n  is  c a l c u l a t e d  f r o m  e q .  3 . 3 5 .
e m f  =  E 2 -  E x =  E°m+ +
0 . 0 5 9 0 . 0 5 9 0 . 0 5 9
l n
n n n  a .
( e q . 3 . 3 1 )
G r o u p i n g  e q .  3 . 3 1 ,  i t  f o l l o w s  t h a t
( e q .  3 . 3 2 )
e m f  =  0 . 0 5 9  l o g  —
Ct
( e q .  3 . 3 3 )
[ L ]  -  [ L ] t  — [ L M + ] ( e q .  3 . 3 4 )
A CG ° =  - R T  l n  K « ( e q .  3 . 3 5 )
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I n  e q .  3 . 2 2 ,  R  d e n o t e s  t h e  g a s  c o n s t a n t  ( 8 . 3 1 4  J  m o l ' 1 K ' 1 )  a n d  T  i s  t h e  a b s o l u t e  
t e m p e r a t u r e  i n  K  i n  t h i s  w o r k  a l l  t h e  e x p e r i m e n t s  w e r e  c a r r i e d  o u t  a t  t h e  s t a n d a r d  
t e m p e r a t u r e  o f  2 9 8 . 1 5  K .
T a b l e  3 . 1 7  s h o w s  t h e  s t a b i l i t y  c o n s t a n t s  ( l o g  IC S)  a n d  d e r i v e d  s t a n d a r d  G i b b s  e n e r g i e s  
( A CG ° )  o f  c o m p l e x a t i o n  f o r  L 2 w i t h  N a +  i n  a c e t o n i t r i l e  a n d  A g +  i n  a c e t o n i t r i l e  a n d  
m e t h a n o l  a t  2 9 8 . 1 5  K .  P o t e n t i o m e t r i c  d a t a  w e r e  a n a l y s e d  b y  t h e  H y p e r q u a d 155 
c o m p u t e r  p r o g r a m .
T a b l e  3 . 1 7 .  S t a b i l i t y  c o n s t a n t s  ( l o g  K s)  a n d  d e r i v e d  s t a n d a r d  G i b b s  e n e r g i e s  o f  
c o m p l e x a t i o n ,  A CG °  v a l u e s  o f  L 2 w i t h  s o d i u m ,  ( a s  p e r c h l o r a t e )  i n  
a c e t o n i t r i l e  a n d  s i l v e r  ( a s  p e r c h l o r a t e )  i n  M e C N  a n d  M e O H  a t  2 9 8 . 1 5  K  
d e r i v e d  f r o m  p o t e n t i o m e t r i c  d a t a
M e t a l l o g  K s 
L : M +
A cG ° ( k J  m o l ' 1)
M e C N
A g + 4 . 4 6  ±  0 . 2 - 2 5 . 5  ± 0 . 1
( 1 : 1 )  6 . 0  ± 0 . 3 - 3 4 . 5  ±  0 . 2
N a + ( 1 : 2 )  3 . 1  ± 0 . 5 - 1 8 . 0  ± 0 . 3
(overall) 9 . 1  ±  0 . 8 - 5 2 . 4  ±  0 . 5
M e O H
A g + 5 . 8 6  ± 0 . 2 - 3 3 . 5  ± 0 . 1
T h e  v a l u e s  f o r  t h e  s t a b i l i t y  c o n s t a n t s  o f  t h e  M + L 2 c o m p l e x e s  l i s t e d  i n  T a b l e  3 . 1 7  a r e  
t h e  a v e r a g e  o b t a i n e d  f r o m  a t  l e a s t  t h r e e  e x p e r i m e n t s .
A s  f a r  a s  N a +  c a t i o n  a n d  L 2 a r e  c o n c e r n e d ,  2 : 1  ( M + : L )  c o m p l e x  i s  f o u n d  f o r  t h i s  m e t a l  
c a t i o n  a n d  t h i s  l i g a n d  i n  a c e t o n i t r i l e  a t  2 9 8 . 1 5  K ,  a s  p r e v i o u s l y  s t a t e d  f r o m  
c o n d u c t o m e t r i c  m e a s u r e m e n t s .  W h i l e  1 : 1  c o m p l e x  is  o b s e r v e d  f o r  A g +  a n d  L 2 i n  t h i s  
s o l v e n t ,  t h i s  b e h a v i o u r  m a y  b e  a t t r i b u t e d  t o  i )  t h e  A g +  c a t i o n  i s  m o r e  s o l v a t e d  i n  
a c e t o n i t r i l e  t h a n  t h e  N a +  c a t i o n 148,  i i )  t h e  s o d i u m  c o m p l e x  ( N a + L 2 )  i s  m o r e  s o l v a t e d  
t h a n  t h e  A g + L 2 , a n d  i i i )  t h e  a f f i n i t y  o f  t h e  d o n o r  a t o m s  o f  t h e  l i g a n d  ( o x y g e n )  f o r  h a r d  
c a t i o n s  i s  h i g h e r  r e l a t i v e  t o  t h a t  f o r  s o f t  c a t i o n s .
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H a v i n g  d e t e r m i n e d  t h e  s t a b i l i t y  c o n s t a n t  o f  L 2 a n d  s o d i u m  a n d  s i l v e r  c a t i o n s  b y  
p o t e n t i o m e t r y  t i t r a t i o n  i n  a c e t o n i t r i l e  a n d  m e t h a n o l  a t  2 9 8 . 1 5  IC ,  t h e r m o d y n a m i c  
p a r a m e t e r s  o f  c o m p l e x a t i o n  f o r  L 2 a n d  u n i v a l e n t  a n d  b i v a l e n t  m e t a l  c a t i o n s  i n  
a c e t o n i t r i l e  a t  2 9 8 . 1 5  IC  i s  d i s c u s s e d .
3 . 7 . 6  D e t e r m i n a t i o n  o f  t h e  t h e r m o d y n a m i c  p a r a m e t e r s  o f  c o m p l e x a t i o n  o f  L 2 
a n d  a l k a l i ,  a l k a l i n e - e a r t h ,  t r a n s i t i o n  a n d  h e a v y  m e t a l  c a t i o n s  i n  
a c e t o n i t r i l e  a t  2 9 8 . 1 5  K
T h e  f i r s t  s t e p  i n  t h e  t h e r m o d y n a m i c  c h a r a c t e r i s a t i o n  o f  t h e  b i n d i n g  p r o c e s s  is  a  c l e a r  
d e f i n i t i o n  a n d  c a r e f u l  c o n s i d e r a t i o n  o f  t h e  p r o c e s s  t a k i n g  p l a c e  i n  s o l u t i o n .  H a v i n g  
d e t e r m i n e d  t h e  s p e c ie s  i n  s o l u t i o n  a n d  t h e  c o m p o s i t i o n  o f  t h e  c o m p l e x ,  t h e  n e x t  s t e p  
is  t h e  d e t e r m i n a t i o n  o f  t h e  t h e r m o d y n a m i c  p a r a m e t e r s  o f  c o m p l e x a t i o n .  T h u s  t h e  
s t a b i l i t y  c o n s t a n t s  ( e x p r e s s e d  a s  l o g  IC S) ,  s t a n d a r d  G i b b s  e n e r g i e s ,  A CG ° ,  e n t h a l p i e s ,  
A CH °  a n d  e n t r o p i e s ,  A CS °  o f  c o m p l e x a t i o n  o f  L 2 w i t h  u n i v a l e n t  a n d  b i v a l e n t  m e t a l  
c a t i o n s  i n  a c e t o n i t r i l e  a t  2 9 8 . 1 5  K  a r e  l i s t e d  i n  T a b l e s  3 . 1 8  a n d  3 . 1 9  r e s p e c t i v e l y .  
T h e s e  d a t a  w e r e  o b t a i n e d  f r o m  d i r e c t  t i t r a t i o n  c a l o r i m e t r y  ( l o g  K s <  6) ,  u s i n g  a  2 2 7 7  
T A M  c a l o r i m e t e r  a n d  c o m p e t i t i v e  c a l o r i m e t r y  ( l o g  K s >  6)  u s i n g  t h e  T r o n a c  4 5 0 .
T a b l e  3 . 1 8  T h e r m o d y n a m i c  p a r a m e t e r s  f o r  t h e  c o m p l e x a t i o n  o f  L 2 a n d  u n i v a l e n t  
m e t a l  c a t i o n s ,  ( a s  p e r c h l o r a t e s )  i n  a c e t o n i t r i l e  a t  2 9 8 . 1 5  K
m e t a l
c a t i o n s
l o g  K s
[ l i g a n d : c a t i o n ]
A CG °  
k J  m o l 1
A CH °  
k J  m o l ' 1
A CS °
J  K  1 m o l 1
L i + ( 1 : 1 )  4 . 8  ± 0 . 1  * - 2 7 . 4  ±  0 . 3 - 7 6 . 4  ±  0 . 2 - 1 6 5
( 1 : 2 )  2 . 5  ± 0 . 5 - 1 4 . 4  ± 0 . 3 - 6 3 . 3  ±  0 . 2 - 1 6 4
(overall) 7 . 3  ±  0 . 6 - 4 1 . 8  ± 0 . 6 - 1 3 9 . 7  ± 0 . 4 - 3 2 9
N a + ( 1 : 1 )  5 . 6  ±  0 . 1  * - 3 1 . 9  ± 0 . 1 - 3 9 . 2  ± 0 . 1 - 2 5
( 1 : 2 )  3 . 0  ± 0 . 1 - 1 7 . 2  ± 0 . 2 - 5 7 . 2  ±  0 . 8 - 1 3 4
(overall) 8.6 ±  0.2 - 4 9 . 1  ± 0 . 3 - 9 6 . 4  ±  0 . 9 - 1 5 9
K + 5 . 9  ± 0 . 0 3 * - 3 3 . 8  ±  0 . 2 - 3 7 . 8  ±  0 . 2 - 1 3
R b + 5 . 8  ± 0 . 1 * - 3 3 . 0  ± 0 . 3 - 2 9 . 8  ±  0 . 2 1 1
C s +
a j  •___* __• ___
5 . 6  ± 0 . 2 * - 3 2 . 0  ±  0 . 4 - 2 1 . 1  ± 0.2 3 7
a direct microcalorimetry titration
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A s  f a r  a s  l i t h i u m  a n d  s o d i u m  a r e  c o n c e r n e d ,  t h e  c o m p l e x a t i o n  p r o c e s s  o f  L 2 a n d  t h e s e  
m e t a l  c a t i o n s  i s  d e f i n e d  i n  e q s  3 . 9  a n d  3 . 1 0 .  W h i l e ,  f o r  t h e  l a r g e s t  a l k a l i - m e t a l  a n d  f o r  
b i v a l e n t  c a t i o n s  t h e  d a t a  r e f e r  t o  t h e  p r o c e s s  d e s c r i b e d  i n  e q .  3 . 1 2 .
T h e r m o d y n a m i c  d a t a  o f  l i t h i u m  a n d  s o d i u m  c a t i o n s  f i t s  i n t o  a  1 : 2  ( l i g a n d : c a t i o n )  
m o d e l ,  h o w e v e r  f o r  t h e  r e s t  o f  t h e  u n i v a l e n t  a n d  b i v a l e n t  m e t a l  c a t i o n s  t h e  d a t a  is  
r e f e r r e d  t o  t h e  1 : 1  m o d e l .  T h e s e  r e s u l t s  a r e  i n  a c c o r d  w i t h  t h o s e  o b t a i n e d  f r o m  
c o n d u c t a n c e  d a t a  ( S e c t i o n  3 . 5 . 1 . 3 ) .  F r o m  t h e  d a t a  i n  T a b l e  3 . 1 8 ,  i t  c a n  b e  o b s e r v e d  
t h a t  t h e  c o m p l e x a t i o n  o f  L 2 a n d  l i t h i u m  a n d  s o d i u m  is  f o u n d  t o  b e  2 : 1  ( M + : L )  i n  
a c e t o n i t r i l e .  A s  f a r  a s  t h e  t h e r m o d y n a m i c  o f  c o m p l e x a t i o n  i s  c o n c e r n e d ,  t h e  p r o c e s s  is  
e n t h a l p i c a l l y  f a v o u r e d  f o r  t h i s  l i g a n d  a n d  t h e s e  m e t a l  c a t i o n s  t h i s  i m p l y  t h a t  t h e  
e n t h a l p y  i s  t h e  m a i n  c o n t r i b u t o r  t o  t h e  G i b b s  e n e r g y  o f  t h e  p r o c e s s  . O n  t h e  o t h e r  h a n d  
t h e  f o r m a t i o n  o f  1 : 1  m e t a l  l i g a n d  c o m p l e x  o f  s o d i u m  a p p e a r  t o  b e  m o r e  s t a b l e  t h a n  
t h e  2 : 1  ( M + : L 2)  c o m p l e x  d u e  t o  t h e  le s s  u n f a v o u r a b l e  e n t r o p y  ( - 2 5  J  m o l -1 ,  1 : 1 )  a n d  ( -  
1 3 4  J  m o l " 1, 2 : 1 ) .  T h e  a b i l i t y  o f  t h i s  l i g a n d  t o  t a k e  u p  t w o  c a t i o n s  ( L i +  a n d  N a + )  c o u l d  
b e  d u e  t o  i )  t h e  s i z e  o f  t h e  c a t i o n  i i )  t h e  f l e x i b i l i t y  o f  t h i s  l i g a n d  a n d  i i i )  t h e  i n f l u e n c e  
o f  t h e  m e d i u m .
C o m p u t e r  m o d e l l i n g  s i m u l a t i o n  w e r e  c a r r i e d  o u t  u s i n g  H y p e r C h e m  R e l e a s e  5 . 0  
s o f t w a r e  i n  v a c u u m  c o n d i t i o n s .  T h e s e  s t u d i e s  s h o w  t h a t  t h e  a r r a n g e m e n t  o f  m i n i m u m  
e n e r g y  f o r  t h i s  s y s t e m  is  t h a t  i n  w h i c h  o n e  N a +  i s  h e l d  b y  6 c o o r d i n a t i o n  s i t e s  
p r o v i d e d  b y  t h e  o x y g e n  d o n o r  a t o m  a n d  t h e  s o l v e n t  m o l e c u l e  ( M e C N ) ,  w h i l e  t h e  
s e c o n d  N a +  i s  c o o r d i n a t e d  t o  5  o x y g e n  d o n o r  a t o m s  i n  t h e  c o m p l e x ,  a s  s h o w n  i n  F i g .  
3 . 6 8 .  A  d e t a i l e d  i n v e s t i g a t i o n  b y  X - r a y  d i f f r a c t i o n  s t u d i e s  o n  h e a v y  m e t a l  c a t i o n s  
( C d 2+ a n d  P b 2+)  c o m p l e x e s  w i t h  c a l i x [ 4 ] a r e n e  e s t e r  s h o w e d  t h a t  t h e  s o l v e n t  i s  h o s t e d  
i n  t h e  h y d r o p h o b i c  c a v i t y ,  t h u s ,  t h e  s o l v e n t  c a n  p r o v i d e  a  c o o r d i n a t i n g  s i t e s  s u c h  a s  
t h e  c a s e  o f  c a d m i u m  c o m p l e x  o f  c a t i o n  t h r o u g h  i t s  n i t r o g e n  d o n o r  a t o m 56 .
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C a r b o n
N i t r o g e n
O x y g e n  
S o d i u m
F i g .  3 . 6 8  M o l e c u l a r  m o d e l l i n g  o f  L 2~ 2 N a *  ( 1 : 2 )  c o m p l e x  a s  d e t e r m i n e d  b y  
m o l e c u l a r  s i m u l a t i o n  s t u d i e s ,  t h e  h y d r o g e n  a t o m s  w e r e  r e m o v e d  t o  
i n c r e a s e  t h e  c l a r i t y  o f  t h e  s t r u c t u r e .
O n  t h e  o t h e r  h a n d  t h e  t h e r m o d y n a m i c  p a r a m e t e r s  o f  c o m p l e x a t i o n  o f  L 2 a n d  t h e  
l a r g e s t  a l k a l i - m e t a l  c a t i o n s  ( R b *  a n d  C s )  i n  a c e t o n i t r i l e  a t  2 9 8 . 1 5  K  r e f l e c t  t h a t  b o t h ,  
t h e  e n t h a l p y  a n d  t h e  e n t r o p y  c o n t r i b u t e  f a v o u r a b l y  t o  t h e  s t a b i l i t y  o f  c o m p l e x  
f o r m a t i o n .  A s  f a r  a s  t h e  I C * - L 2 c o m p l e x  is  c o n c e r n e d ,  t h e  p r o c e s s  is  e n t h a l p i c a l l y  
c o n t r o l l e d  a n d  e n t r o p i c a l l y  u n f a v o u r e d .
T h e r e  a r e  s e v e r a l  f a c t o r s  w h i c h  c o n t r i b u t e  t o  t h e  o v e r a l l  s t a b i l i t y  o f  m e t a l - i o n  
c o m p l e x e s  a s  p r e v i o u s l y  s t a t e d 56 ' ( p .  1 4 6 ) .  T h e  b a l a n c e  o f  t h e  l i g a n d  b i n d i n g  a n d  
c a t i o n  d e s o l v a t i o n  e n e r g i e s  c o n t r i b u t e  s i g n i f i c a n t l y  t o  t h e  s t a b i l i t y  o f  t h e  c o m p l e x .  
T h e r e f o r e  i n  a n  a t t e m p t  t o  a s s e s s  t h e  c o n t r i b u t i o n  o f  c a t i o n  d e s o l v a t i o n  a n d  l i g a n d  
b i n d i n g ,  t h e  A CG °  v a l u e s  f o r  t h e s e  s y s t e m s  a r e  p l o t t e d  a g a i n s t  t h e  G i b b s  e n e r g i e s  o f  
s o l v a t i o n ,  A sotv G ° ,  o f  t h e s e  c a t i o n s  . I n  t h e  c a s e  o f  t h e  L i *  a n d  t h e  N a *  c o m p l e x e s ,  t h e  
A CG °  v a l u e s  u s e d  i n  t h e  p l o t  a r e  t h o s e  f o r  t h e  1 : 1  p r o c e s s .  F i g .  3 . 6 9  i l l u s t r a t e s  t h a t  t w o  
f o r c e s  ( b i n d i n g  a n d  d e s o l v a t i o n )  a r e  p a r t i a l l y  c o m p e n s a t e d ,  s h o w i n g  a  s l i g h t  
s e l e c t i v i t y  p e a k ,  w h e r e  t h e  m a x i m u m  s t a b i l i t y  i s  o b s e r v e d  f o r  p o t a s s i u m  i n  t h i s  
s o l v e n t .  S i m i l a r  p a t t e r n  i n  t e r m s  o f  A CG °  i s  o b s e r v e d  f o r  b o t h  l i g a n d s ,  L i  a n d  L 2 ,  i n  
a c e t o n i t r i l e  a t  2 9 8 . 1 5  K .  A l t h o u g h ,  L i  h a s  a  s l i g h t  s e l e c t i v e  p e a k  f o r  R b *  a n d  L 2 f o r  
K * ,  i t  i s  h a r d  t o  p r e d i c t  a n y  s e l e c t i v i t y  o f  t h e s e  l i g a n d s ,  d u e  t o  t h e  f a c t  t h a t  t h e  A CG °
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values are very close (-31.7, -32.5 and -33.8, -33.0 (kJ m ol'1) for K+ and Rb+ with Li 
and L2 respectively).
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Fig. 3.69 Gibbs energies of complexation of L2 and univalent metal cations 
against the standard Gibbs energies o f solvation o f ions in acetonitrile 
at 298.15 K
As far as enthalpies o f  complexation, ACH° are concerned, Fig.3.70 is a plot ACH° for 
L2 and univalent metal cations in acetonitrile at 298.15 IC against the AsoivH0 
(calculated from AhydH° values and the single-ion for the AtG° o f the cation from water 
to non-aqueous solvents, reported in the literature61,156).
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Fig. 3.70 Fnthalpies o f complexation of L2 and alkali-metal cations in acetonitrile 
against solvation Fnthalpies of these cations in acetonitrile at 298.15 K
The analysis o f  Fig. 3.70 shows that whilst the AsoivH0 for the cation increases, the 
stability o f complex formation in enthalpic terms increases (become more negative). 
This may be attributed to the binding process (exothermic), which predominates over 
the desolvation process (endothermic) going from Cs+ to Li+. Thus the slight 
selectivity peak observed in terms o f ACG° (K+) is due to the variation o f the entropy 
contribution to the stability o f complex formation.
A comparison between the related p-tert-butyl calix[4]arene tetra-diethylacetamide, 
in terms o f stability constant o f complexation with alkali-metal cations in 
acetonitrile at 298.15 IC (log Ks, Li+> 8.5, N a+ 8.5, K+> 8.5, > 8.5, Rb+ 5.7 and Cs+ 
3.5) as reported by A rnau-Neurt.a/160 and L2 is not possible due to the fact that the 
Gibbs energy values for Lift Na+, K+ and calix[4]acetamide are not well established. 
On the other hand the p-tert-butyl calix[4]arene tetra-diethylacetamide generate 
more stable complexes with the smaller cations o f this series (Lift Na+ and K+), 
while the p-tert-butyl calix[5]arene penta-diethylacetamide form more stable 
complexes with the largest cations (Rb+ and Cs+) in acetonitrile. This behaviour 
might be attributed to the cavity size o f the pentamer which is large enough to host 
the largest cations.
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The striking feature o f  these data is that the ability o f L2 to interact w ith Li+ and Na+ 
is enhanced relative to Li. Thus L2 is able to interact with two cations (Li+ and Na+) 
in acetonitrile.
Table 3.19 Thermodynamic parameters for the complexation of L2 and bivalent 
metal cations, (as perchlorates) in acetonitrile at 298.15 K.
metal
cation
log Ks ACG° 
kJ mol'1
ACH° 
kJ mol'1
ACS°
J IC1 mol'1
MgT+ 6.1 ± 0 .2 * -34.8 ± 0 .3 -61.3 ± 0 .8 -89
Ca2+ 8.9 ±0.1* -50.9 ± 0 .5 -78.3 ±0.1 -92
Sr2+ 10.1 ± 0 .1 * -57.6 ± 0.3 -85.6 ± 0 .7 -94
Ba2+ 11.1 ± 0 .2 * -63.4 ± 0 .2 -122.5 ± 0 .6 -198
Ni2+ 5.5 ± 0 .2 * -31.2 ±0.1 -35.6 ± 0.4 -15
Zn2+ 4.4 ± 0 .2 * -25.3 ± 0.5 -105.9 ± 0 .5 -270
Hg2+ 5.8 ± 0 .4 * -33.5 ± 0.4 - 122.0  ± 0.6 -297
Cd2+ 5.3 ± 0 .3 * -30.4 ± 0.5 -113.5 ± 0 .3 -279
Pb2+ 7.7 ± 0 .4 * -44.1 ± 0 .5 -75.6 ± 0 .4 -106
a direct microcalorimetric titration 
b competitive calorimetric titration
As far as bivalent metal cations and L2 are concerned stability constants, log Ks, 
standard Gibbs energies, enthalpies and entropies o f  complexation in acetonitrile at
298.15 K are reported in Table 3.19. The results show that the complexation process 
with all bivalent metal cations and L2 in acetonitrile at 298.15 K is enthalpically 
controlled and entropically unfavoured to the extent that the maximum exothermicity 
(higher enthalpic stability) is found for the Ba2+ cation and this ligand in this solvent 
at this temperature.
In an attempt to analyse the effect o f binding and cation desolvation energies on the 
complexation, the Gibbs energies (ACG°) and enthalpies (ACH°) o f complexation o f L2 
and bivalent metal cations in acetonitrile at 298.15 K are plotted against the hydration 
Gibbs energies and enthalpies o f these metal cations as shown Figs. 3.71 and 3.72
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respectively. Fig. 3.71 demonstrates that the highest complex stability values are 
found for the less hydrated cation.
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Fig. 3.71 Gibbs energy of complexation of L2 and bivalent metal cations against 
the standard Gibbs energies of hydration of these cations in acetonitrile 
at 298.15 K
Regarding the correlation between complexation and hydration in terms o f enthalpies, 
Fig. 3.72 shows that as the AhH° for the cation increases, the stability o f  complex 
formation (in enthalpic terms) decreases. This is attributed to the fact that the 
desolvation process (endothermic), predominates over the binding process 
(exothermic). Therefore the trend observed in the ACG° is also reflected in the ACH° 
values for these systems in acetonitrile at 298.15 IC.
The linear relationship observed in terms o f Gibbs energy and enthalpy (against their 
hydration) found between L2 and bivalent metal cations has the same pattern as that 
observed for L i with the same metal cations in acetonitrile at 298.15 K.
Zh
R* =0.86
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Fig. 3.72 Fnthalpies o f complexation of L2 and bivalent metal cations against 
enthalpies o f hydration of these metal cations in acetonitrile at 298.15 K
T h e  i n t e r a c t i o n  b e t w e e n  L 2 a n d  a l k a l i n e - e a r t h  m e t a l  c a t i o n s  i n  a c e t o n i t r i l e  ( T a b l e  
3 . 1 9 )  s h o w s  t h e  h i g h e s t  s t a b i l i t y  o f  t h e  B a +  c o m p l e x  r e l a t i v e  t o  o t h e r  c a t i o n s  w i t h i n  
t h e  s a m e  g r o u p  ( S r 2 + , C a 2+ a n d  M g 2 + )  f o r  w h i c h  t h e  h i g h e r  e n t h a l p i c  s t a b i l i t y  is  
a c c o m p a n i e d  b y  a  c o n s i d e r a b l e  lo s s  o f  e n t r o p y .  A l t h o u g h  Li a n d  L2 h a v e  t h e  s a m e  
n u m b e r  o f  d o n o r  a t o m s  t h e  l a r g e  d i f f e r e n c e  i n  c o m p l e x  s t a b i l i t y  b e t w e e n  t h e s e  t w o  
l i g a n d s  c o u l d  b e  a t t r i b u t e d  t o  t h e  h i g h  d o n a t i n g  a b i l i t y  o f  t h e  c a r b o n y l  s u b s t i t u e n t s  
i n  t h e  l a t t e r  r e l a t i v e  t o  t h e  f o r m e r 4 6 .
3.7.7 D e t e r m in a t io n  o f  t h e  t h e r m o d y n a m ic  p a r a m e te r s  o f  c o m p le x a t io n  o f  L 2 
w i th  u n iv a le n t  a n d  b iv a le n t  m e t a l  c a t io n s  in  m e t h a n o l  a t  2 9 8 .1 5  K .
T h e  c a l o r i m e t r i c  m e a s u r e m e n t s  i n v o l v i n g  L2 a n d  u n i v a l e n t  m e t a l  c a t i o n s  r e f l e c t  t h a t  
t h e  s t o i c h i o m e t r y  o f  t h e  c o m p l e x a t i o n  p r o c e s s  i s  1 : 1  a c c o r d i n g  t o  e q . 3 . 1 2 ,  t h i s  
s t a t e m e n t  is  a l s o  s u p p o r t e d  b y  c o n d u c t o m e t r i c  s t u d i e s  ( S e c t i o n  3 . 5 . 1 . 3 ) .  I n  T a b l e  3 . 2 0  
s t a b i l i t y  c o n s t a n t s ,  s t a n d a r d  G i b b s  e n e r g i e s ,  e n t h a l p i e s  a n d  e n t r o p i e s  o f  c o m p l e x a t i o n  
o f  L 2 a n d  u n i v a l e n t  m e t a l  c a t i o n s  i n  m e t h a n o l  a t  2 9 8 . 1 5  K  a r e  r e p o r t e d .
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Table 3.20 Thermodynamic parameters for the complexation of L2 with 
univalent metal cations, (as perchlorates) in methanol at 298.15 K.
metal
cation
logK s ACG° 
kJ m ol1
ACH° 
kJ mol'1
ACS° 
JK '1 mol'1
Li+ 5.2 ± 0.2a -29.9 ±0.1 -17.0 ±0 .4 43
Na+ 5.1 ± 0.4a -29.3 ± 0.2 -31.0 ±0 .3 - 6
K+ 5.4 ± 0.2a -34.3 ±0.1 -57.9 ± 0.9 -91
Rb+ 5.8 ± 0 .3 a -33.0 ± 0.2 -69.3 ± 0.4 - 1 2 1
Cs+ 5.5 ± 0 .5 a -32.0 ± 0.3 -55.7 ±0 .6 -82
Ag+ 5.9 ± 0 .2b -33.5 ±0.1 -41.5 ±0 .3 -51
n direct macrocalorimetric titration 
b direct potentiometric titration
Inspection o f this Table shows that the complexation processes between L2 and these 
cations are enthalpically controlled and entropically unfavoured in this solvent at
298.15 K, except for Li+ for which a favourable contribution o f the entropy to the 
Gibbs energy o f complex formation is observed.
A plot o f Gibbs energies o f complexation against AsoivG0 in methanol for this ligand 
and these metal cations (Fig. 3.73) shows the same pattern than in acetonitrile, with a 
maximum stability for rubidium. Again a plot o f ACH° against AsoivH0 (Fig. 3.74) 
shows a similar pattern to that observed for the Gibbs energy (Fig. 3.73) in methanol. 
Therefore, it is concluded that the complexation process involving this ligand and 
univalent cations is enthalpy controlled.
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Fig. 3.73 Gibbs energy o f complexation o f L2 and univalent metal cations against 
the standard Gibbs energies of hydration o f these cations in methanol 
at 298.15 K
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Fig. 3.74 Enthalpies of complexation of L2 and univalent cations against 
enthalpies of hydration of these cations in methanol at 298.15 K
167
Regarding the correlation between the complexation and hydration in terms of Gibbs 
energy and enthalpies, a similar pattern is observed for both ligands Li and L2 with 
univalent metal cations in methanol at 298.15 K, showing a shallow selectivity for 
Rb+. Another important feature of this data is that the absolute binding energy is in all 
cases higher for the complexation processes involving L2 relative to Li in this solvent.
The thermodynamic parameters of complexation (stability constants, log ICS, derived 
standard Gibbs energies, ACG°, enthalpies, ACH° and entropies, ACS°) of L2 and 
bivalent metal cations with perchlorate as the counter-ion in methanol were 
determined using calorimetry at 298.15 K were determined using calorimetry and are 
reported in Table 3.21.
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Table 3.21 Thermodynamic parameters for the complexation o f L2 with bivalent 
metal cations, (as perchlorates) in methanol at 298.15 K.
metal lo g K s ACG° ACH° ACS°
cation kJ mol'1 kJ mol'1 J K 1 m o l1
Mg2+ 3.0 ± 0.2 a -17.2 ±0.1 34.8 ± 0.2 174
Ca2+ 5.1 ± 0.3a -29.2 ± 0.2 -26.0 ±0.1 10
Sr2+ 7.9 ± 0.3 * -45.2 ± 0.3 -19.8 ±0.8 85
Ba2+ 9.3 ±0.2* -52.8 ±0.1 -17.8 ±0.6 116
Ni2+ 5.2 ±0.2* -29.7 ±0.1 -35.6 ±0.5 - 2 0
Zn2+ 5.1 ±0.3* -29.1 ±0.2 -42.4 ± 0.4 -47
Hg2+ 5.0 ±0.4* -28.2 ±0.2 -32.9 ±0.7 -16
Cd2+ 4.9 ±0.3* -27.7 ± 0.2 -38.7 ±0.5 -27
Pb2+ 5.2 ±0.2* -29.2 ±0.1 -31.2 ±0.3 -7
"direct macrocalorimetric titration 
* competitive calorimetric titration
Inspection of this Table shows that except for magnesium, the complexation process 
between L2 and alkaline-earth metal cations are enthalpically and entropically 
favoured. Unlike magnesium, strontium and barium which are entropy controlled, 
calcium is enthalpy controlled. As far as transition and heavy metal cations are
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concerned the complexation process is enthalpy favoured and entropically 
unfavoured.
Inspection o f Fig. 3.75, where ACG° values for bivalent cations are plotted against 
their hydration Gibbs energies, A|iydG° reveals that the highest complex stability
• 7 I
values are found for the less hydrated cation (Ba ).
Fig. 3.75 Gibbs energy of complexation of L2 and bivalent metal cations against 
the standard Gibbs energies of hydration o f these cations in methanol 
at 298.15 K
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Fig. 3.76 Enthalpies of complexation of L2 and bivalent cations against enthalpies 
of hydration of these cations in methanol at 298.15 K
A small variation in the enthalpy values are observed when ACH° values are plotted 
against AhydH0 for bivalent cations in which the more hydrated metal cations (Zn2+ and 
Ni2+) show a more exothermic behaviour relative to the less hydrate cation (Ba2+). 
However the higher stability for Ba2+ and L2 is mainly attributed to the higher 
entropic contribution to the Gibbs energy o f complexation relative to other cations 
with the exception o f magnesium.
Unlike L»i, L2 is able to interact with all bivalent metal cations in methanol. Moreover, 
L2 shows a higher complex stability with the Ba2+ cation than Lj in this solvent (log 
Ks values o f 9.25 and 4.42 for L2 and Li with Ba2+ respectively).
In an attempt to gain information regarding the effect o f the size o f  the cavity on the 
complexation process o f these macrocycles, a comparison is made between the 
tetramer (p-tert-butyl calix[4]acetamide, Section 1.5.3.1, Table 1.7) and the pentamer 
(p-tert-butyl calix[5]acetamide) with alkaline-earth metal cations in methanol at
298.15 K was carried out. .It is observed that the tetramer forms more stable 
complexes with Ca2+ and Sr2+ relative to other cations within the same group. The 
additional aryl unit in L2 shifts the stability o f the complex to the Ba2+ cation, 
suggesting that this behaviour might be attributed to the cavity size effect.
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3.7.8 Interpretation of Gibbs Energy of complexation data for alkali and silver 
metal cations with Li and L2 in acetonitrile and methanol at 298.15 K
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The thermodynamic parameters o f complexation, ACP° (P° = G°, H°, S°), o f L i and L 2 
with univalent metal cations in one solvent (si, reference solvent) relative to another 
solvent (s2) are dependent on the transfer parameters, AtP° o f the metal cation, M+, the 
ligand, (Li and L 2), and the metal ion complex M+L as shown in eq. 3.39.
A + f e )  -  A + ( * , )  =  A ,P ° ( M 'L ) (Si^ h )  -  A ,P ° (M +)(Si^ 2)
- A ,P ° t ( j i_ M2) (eq.3.39)
These parameters are considered in terms o f Gibbs energies in order to assess 
quantitatively the effect o f the solvation changes o f the reactants and the product on 
the stability o f the complex. This is best illustrated via a thermodynamic cycle, (eqs. 
3.40-3.43 for L i and eqs. 3.44 -  3.46 for L 2).
The availability o f standard Gibbs energies o f complexation, ACG° o f univalent metal 
cations and L i and L 2 in acetonitrile and methanol, (Tables 3.15 and 3.16 for L i, 3.18 
and 3.20 for L 2), the transfer data for the ligand, A,G^ (M eCN  -»  M eO H) = 1.6 and
A,G°2 (M eCN  —> M eO H ) = 1.1 kJ mol' 1 (Table 3.2) and also the transfer data for the
univalent cation, A,G^+ (M eCN  —» M eO H ) 61 in these solvents makes it possible to
assess the medium effect on the complexation process by inserting the appropriate 
quantities in eq.3.39 represented in the following thermodynamic cycles,
Na+(MeCN) + Li(M eCN) > Na+L,(M eCN)
A,G° kJ mol"1 
-105.8
Na+L,(M eOH)
AtG° kJ mol' 1 AtG°kJ mol' 1
- 110.8 ▼ 1 1.6r y
(eq.3.40)
Na+(MeOH) + Li(MeOH) ACG° kJ m ol'1 -26.2
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K+(MeCN) + Li(MeCN) ACG° kJ m ol'1 -31.7
AtG° kJ m ol' 1 AtG °kJ mol' 1
-72.7T 8 1.6r ▼
K+(MeOH) + Li(M eOH) ACG° kJ m ol'1 -30.4
IC+L!(MeCN)
AtG° kJ mol"1 
-69.9
IC+L,(M eOH)
(eq. 3.41)
Rb+(MeCN) + Li(M eCN) ACG° kJ m ol'1 -32.5
A,G° kJ mol' 1 A,G° kJ mol' 1
-18.3T 1 1.6r T
Rb+(MeOH) + Lj(MeOH) ACG° kJ ino l'1 -3+2
Rb+Li(MeCN)
AtG°kJ mol' 1 
-16.4
Rb+Li(MeOH)
(eq. 3.42)
Cs+(MeCN) + Lj(M eCN) ACG° kJ m ol'1 -29.8
A,G° kJ mol' 1 A,G° kJ mol' 1
-25.6y i 1.6r T
Cs+(MeOH) + Li(M eOH) ArG° kJ m ol'1-30.4
> Cs+L,(MeCN)
A,G° kJ mol' 1 
-24.6
C s+K M eO H )
(eq. 3.43)
K+(MeCN) + L 2(MeCN) ACG° kJ m ol'1 -33.8
AtG° kJ mol' 1 AtG° kJ mol' 1
-72.7▼ 3 1.1r u
K+(MeOH) + L 2(MeOH) ACG° kJ m ol'1 -30.7
-> K L 2(MeCN)
A,G° kJ mol' 1 
-68.5
K+L 2(MeOH)
(eq.3.44)
Rb+(MeCN) + L2(MeCN) > Rb+L^MeCN)
AtG° kJ mol' 1 AtG° kJ mol' 1 A,G° kJ mol'1 (eq.3.45)
-18.3T ^ 1.1r i -17.3r
Rb+(MeOH) + L 2(MeOH) — Rb +L 2(MeOH)
172
R esults a n d  D iscussion C hapter 3
Cs+(MeCN) + L 2(MeCN) ACG° kJ m ol'1 -32.0
AtG° kJ mol' 1 A|G° kJ mol' 1
-25.6
T 1
1.1r y
Cs+(MeOH) + Lj(M eOH) A.G° kJ m ol'1-31.4
> Cs L 2(MeCN)
A,G° kJ mol' 1 
-23.9
Cs+L 2(MeOH)
(eq.3.46)
Analysing the different factors (metal cation, ligand and metal-ion complex solvation) 
contributing to the medium effect (AcG°(MeOH) -  AcG°(MeCN)) on the complexation 
process, it follows that the contributions o f the free and the complex cations are 
cancelled out (eqs 3.40 - 3.46). Given that the solvation o f the ligand is negligible, 
similar complex stabilities in both solvents are observed.
As far as Ag+ and L 2 are concerned, the thermodynamic cycle (eq.3.47) illustrates the 
optimum conditions for the higher complex stability in methanol (more negative) 
relative to the complex stability in acetonitrile. This is controlled by the lower 
solvation o f the cation in the former relative to the latter solvent. The lower solvation 
o f the metal-ion complex in methanol respect to acetonitrile contributes unfavourably 
to the stability o f the complex in methanol relative to acetonitrile.
Ag+(MeCN) + L 2(MeCN) ACG° kJ m ol'1 -25.5
AtG° kJ mol' 1 AtG° kJ mol’1
30.1▼ i 1.1r ▼
Ag (MeOH) + Li(MeOH) ACG° kJ m ol'1
> Ag+L 2(MeCN)
AtG° kJ mol’1 (eq.3.47) 
23.6
Ag+L 2(MeOH)
The above cycles unambiguously demonstrate that the medium alters the stability of 
the complex in a selective manner which is not only dependent on the solvation o f the 
free cation, it is also the result of the solvation changes that the reactants and the 
product undergo upon complexation in the different solvents.
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3 .8  I m m o b i l i z a t i o n  o f  t h e  c a l ix [ 4 ] a c e t a m id e  d e r iv a t iv e  o n t o  t h e  m o d i f ie d  s i l i c a  
s u r f a c e
In the selection o f the receptor to be immobilized onto the surface o f  the solid support 
several aspects were considered such as,
i) The conformation o f the ligand.
ii) The material costs for its production.
iii) Preliminary studies based on the thermodynamic selectivity o f the ligand for metal 
cations discussed in the previous Sections.
Using this criterion, the calix[4]arene acetamide derivative (Fig. 1.8) was selected due 
to the following facts,
i) This ligand can be synthesised in good yields and fewer steps are required for its 
production than those involved in the preparation o f the calix[5]arene amide 
derivative.
ii) Thermodynamic investigations showed that the calix[4]arene amide derivative is 
better pre-organized to interact with cations and its selectivity is higher than that for 
the cyclic pentamer.
A schematic representation o f the attachment o f  the receptor onto the silica surface 
is presented in Scheme 3.2.
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Scheme 3.2. Schematic procedure for the attachment o f the calix[4]arene 
acetamide derivative onto the modified silica
The steps involved in the attachm ent o f  p-tert-butyl calix[4]arene amide on the 
silica surface are as follows
i) De-tert-butylation o f  p-tert-butyl calix[4]arene, L 3.
ii) Synthesis o f 25, 26, 27, 28- (diethyl acetamide) ethoxy calix[4]arene, L 4.
iii) Attachment o f calix[4]arene acetamide derivative onto the modified silica surface.
These are now described.
C hapter 3
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3 .8 .1  D e - t e r t - b u t y la t i o n  o f  p - t e r t - b u t y lc a l i x [ 4 ] a r e n e , L 3
The synthesis o f calix[4]arene (L 3 ) was performed using the technique reported by 
G ustche.157 This reaction yielded 85% o f pure L 3 as white crystals.
The lH N M R spectrum o f the product (Fig. 3.77) shows the presence o f  a singlet 
signal in the downfield region (10.23 ppm) assigned to the hydroxyl proton o f the 
phenol unit. The two signals arising from the aromatic protons (doublet 7.23 and 
triplet 6.73 ppm) are assigned to the protons in ortho and para  positions 
respectively relative to the hydroxyl group. The presence o f  two broad signals at 
4.27 and 3.56 ppm corresponding to the methylene bridge (axial and equatorial 
respectively) indicates that the ligand adopt a ‘cone’ conformation in CDCI3 at 298 
K. In addition to these findings, on the higher field region, the singlet signal for the 
proton o f  the tert-butyl group is absent and this confirms the presence o f  L3.
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Fig.3.77 NM R spectrum of 25, 26, 27, 28-tetrahydroxycalix[4]arene L3 at 298 
K in  C D C I3
3 .8 .2  S y n th e s is  o f 2 5 ,  2 6 ,  2 7 ,  2 8 - ( d ie t h y l  a c e ta m id e ) e th o x y  c a l ix [ 4 ] a r e n e ,  L 4
Fig. 3.78 shows the XH NM R spectrum o f the ligand L 4 in CDCI3 in which is observed 
the presence o f a doublet and a triplet assigned to the aromatic protons. The signals 
for the methylene bridge protons are overlap. Thus the axial proton is overlap by the 
methyl proton close to the carbonyl group and that for the equatorial proton by the 
methyl group o f the pendant arm.
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The signals o f the pendant arms show a singlet at 4.50 ppm corresponding to the 
proton o f the methylene group situated between the carbonyl and the ethereal 
oxygens, two quartets (3.41 and 3.14 ppm) and one multiplet (1.18 ppm) are assigned 
to the protons o f the terminal ethyl groups.
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Having characterised the calix[4]arene and the 25, 26, 27, 28-(diethyl 
acetamide)ethoxy calix[4]arene, attempts were made to attach this macrocycle onto 
the modified silica surface and this is described in the next Section.
3 .8 .3  A t t a c h m e n t  o f  c a l ix [ 4 ] a r e n e  a c e ta m id e  d e r iv a t iv e  o n to  t h e  m o d i f ie d  s i l i c a  
s u r fa c e
The linkage between the modified silica and the calix[4]arene acetamide derivative 
was performed by a Mannich type reaction (acid mechanism) 158 in which a primary or 
secondary amine or ammonia and aldehydes could form an enolate. The mechanism 
o f the Mannich type reaction consists o f the following steps,
i) The formation o f the iminium ion in acidic medium,
ii) Formation o f the enolate on the aromatic ring, and
iii) Formation o f the carbon-carbon bonding (Scheme 3.3).
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Scheme 3.3. Mechanism of the Mannich Reaction
Scheme 3.2 shows the pathway o f anchoring the calix[4]arene acetamide derivative 
onto the silica surface. In doing so, silica gel was modified with 3-aminopropylsilane 
as previously reported by Okabayashi et al159 yielding the aminopropyl modified 
silica which reacts with 25, 26, 27, 28-(diethyl acetamide)ethoxy calix[4jarene in the 
presence o f a formaldehyde solution in acidic medium.
This polymeric material was characterized by microanalysis (reported in the 
Experimental Section 2.94) and also by thermogravimetric analysis (TGA). The 
analysis was performed on the ligand and on the calixarene modified silica. (Figs. 
3.79 and 3.80 respectively).
The thermograms represent (Figs. 3.78 and 3.79) the change in weight (g) o f the 
sample as a function o f time (min) by increasing the temperature from 0°C to 800 °C 
under a nitrogen atmosphere.
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Fig.3.79 Thermogravimetric analysis o f the calix[4] acetamide
Fig. 3.79 shows that the calix[4]acetamide derivative does not contain water or any 
other remaining solvent in it. It also shows that L4 melts at 275 °C. The remaining 30 
% in weight is attributed to the incomplete combustion o f the organic matter due to 
the absence o f oxygen in the atmosphere.
Sam??* tbp'iiSs5. io 5 7 0 3 TGA
Fig.3.80 Thermogravimetric analysis of calix[4]acetamide modified silica
Fig. 3.80 reveals that the first segment shows the weight changes (4.6 %) resulting 
from the elimination o f water (dehydration) after a period o f time o f 2 hours at 120 
°C. The second segment reveals that other physical changes occur that may be due to
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the break of the linkage between ligand and the modified silica and/or the breaking of 
the calix[4]acetamide modified silica.
3 .9  E x tra c t io n  e x p e rim e n ts
Host-guest interactions with alkali and alkaline-earth metal cations have been 
explored previously by different techniques (calorimetry and potentiometry)160. Based 
on these investigations, p-tert-butylcalix[4]acetamide has been attached to a 
polymeric backbone (modified silica). The experimental results shown in Table 3.21- 
3.31 demonstrate that this material has preference for the sodium cation relative to 
other cations.
In order to determine the amount of metal cation salt (chloride as counter-ion) taken 
up from water by the calix[4]acetamide modified silica, extraction experiments were 
performed, (the procedure was described in the Experimental Section 2.10).
The uptake of metal cation (Li+, Na+, IC+, Mg2+ and Ca2+) salt per unit of mass of 
material (mmol/g) was calculated using the following equation161:
(c, - c eq) v  , _
q e =  L  (eq. 3.48)
m
In equation 3.48,
qe = Uptake capacity defined as the amount of metal ion removed per
gram of material (mmol/g)
Cj and Ceq = Initial and equilibrium concentrations of the metal-ion in solution
(mmol/1)
V = Volume of solution (ml)
m = mass of material (g)
The initial, Cj, and equilibrium, Ceq, concentrations of the metal cation in solution 
were determined by Atomic Absoiption Spectrometry. These were evaluated from a 
calibration curve (plot of absorption against metal concentration in ppm). Calibration 
curves obtained for lithium, sodium, potassium, magnesium and calcium were found 
to be linear and within the limits of detection of the equipment used (Appendix D).
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3 .9 .1  S o d iu m  u p ta k e  b y  a  c a l ix [ 4 ] a c e ta m id e  a t ta c h e d  t o  t h e  m o d i f ie d  s i l ic a .
Different factors162' 164 were considered in the extraction o f the sodium salt from 
aqueous solution by the modified silica, such as a) the ionic strength o f the aqueous 
solution, b) pH o f  the solution, c) the temperature, d) the mass o f  the material used in 
the extraction, f) the equilibrium time, g) the presence o f interferences and h) the 
nature o f the counter ion. These will be discussed below.
a )  E ffe c t o f th e  i o n ic  s t r e n g th  o n  th e  s o d iu m  r e m o v a l  b y  c a l ix [ 4 ] a c e ta m id e  
( C 4 A )  m o d i f ie d  s i l i c a  a t  2 9 8 .1 5  K .
The aim to maintain a high ionic strength is to keep the activity coefficient of the 
ionic species in solution constant during the extraction process. Therefore ammonium 
chloride was selected due to the fact that this salt does not interact with the material.
In Table 3.22 are listed the values obtained from the extraction o f sodium by C4A 
modified silica using ammonium chloride (5 mol dm '3) as ionic strength adjuster. In 
the isotherm (Fig. 3.81), the number mmoles o f Na+ per gram o f material are plotted 
against the concentration o f sodium (mmol dm'3) at the equilibrium. The maximum 
uptake o f sodium is 4.9 mmol/g. o f this material.
Table 3.22. Uptake o f sodium by calix[4]acetamide modified silica from water at
constant ionic strength at 298.15 K
S a m p l e
m a s s
g [ N a ] ai [ N a ] be [ N a f e x ,
m m o l / g
m a t e r i a l
1 0 . 0 5 1 2 . 6 2 x 1  O '3 1 .1 1  x l O ' 3 1 . 5 1  x l O ' 3 0 . 3 0
2 0 . 0 5 1 9 . 8 6 x 1 0 ' 3 4 . 3 3 x 1  O '3 5 . 5 3  x l O ' 3 1 . 0 9
3 0 . 0 5 1 1 . 9 3  x l O ' 2 7 . 2 2  x l O ' 3 1 . 2 0  x l O ' 2 2 . 3 4
4 0 . 0 5 3 2 . 7 3  x l O ' 2 1 . 0 5  x l O ' 2 1 . 6 7  x l O ' 2 3 . 1 7
5 0 . 0 5 4 3 . 6 3  x l O ' 2 1 . 3 3  x l O ' 2 2 . 3 0  x l O ' 2 4 . 2 6
6 0 . 0 5 1 4 . 3 2  x l O ' 2 1 . 8 8  x l O ' 2 2 . 4 5 x 1  O '2 4 . 8 4
7
a t i
0 . 0 5 3 5 . 0 1  x l O ' 2 2 . 4 4  x l O ' 2 2 . 5 7  x l O ' 2 4 . 8 7
a Initial concentration of sodium (mol dm*3) 
b Equilibrium concentration of sodium (mol dm'3) 
c Sodium uptake by the material (mol dm'3).
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Ce mmol dm"3
Fig. 3.81. Uptake of sodium (chloride as counter-ion) by the calix[4] acetamide 
(C4A) modified silica versus the equilibrium concentration o f sodium in 
the aqueous phase at 298.15 K (constant ionic strength).
b )  D e te r m in a t io n  o f  t h e  o p t im u m  m a s s  o f  c a l ix [ 4 ] a c e ta m id e  m o d i f ie d  s i l ic a  f o r  
t h e  e x t r a c t io n  o f  s o d iu m  f r o m  a q u e o u s  s o lu t io n  a t  2 9 8 .1 5  K
In order to determine the optimum mass o f C4A modified silica for the removal o f 
sodium from aqueous solution, the weight o f the material was varied while the metal- 
ion salt solution concentration was kept constant. The experimental results are 
presented in Table 3.22. From this Table it can be seen that the optimum mass of the 
material to remove sodium from aqueous solution was found to be 0.02 - 0.05 g for a 
volume o f aqueous solution o f 10 ml.
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Table 3.23. Sodium uptake by calix[4]acetamide modified silica using different 
amounts o f material at 298.15 K
mass
g
[Na]"j [Na]bc [Na]ccxt
Na+ uptake 
(mmol/g of  
material)
0.021 5.08 xlO'2 4.06 xlO'2 1.02 xlO'2 4.98
0.051 5.08 xlO'2 2.59 xlO'2 2.49 xlO'2 4.93
0.071 5.08 xlO'2 1.72x1 O'2 3.36 xlO'2 4.74
0.100 5.08 xlO'2 1.37 xlO'2 3.71 xlO'2 3.70
0.151 5.08 xlO'2 1.40 xlO'2 3.68x1 O'2 2.43
0.202 5.08 xlO'2 1.35 xlO'2 3.72 xlO'2 1.84
n Initial concentration of sodium (mol dm'3) 
b Equilibrium concentration of sodium (mol dm'3) 0 Sodium uptake by the material (mol dm'3).
c )  E ffe c t o f p H  o n  t h e  r e m o v a l  o f  s o d iu m  f r o m  a q u e o u s  s o lu t io n  b y  
c a l ix [ 4 ] a c e ta m id e  ( C 4 A )  m o d i f ie d  s i l i c a  a t  2 9 8 .1 5  K .
In order to assess the effect o f the solution pH on the uptake o f sodium by the 
modified silica, extraction experiments at different pHs were carried out. In Table 
3.24 the capacity o f the material to uptake sodium from water in the 4-10 pH range is 
reported. The pH (range 4-10) was adjusted with hydrochloric acid (HC1) or 
ammonium hydroxide (NH4OH). Fig. 3.82, shows the capacity o f  the material against 
the pH o f the aqueous solution. It can be seen from this Fig. that the capacity o f the 
material to uptake sodium from aqueous solution slightly increases from pH 4.0 (4.12 
mmol/g) to pH 8 (4.98 mmol/g). This variation on the capacity o f the material to up 
take sodium might be attributed to the fact that at pH 4 (where there is an excess o f H+ 
ions in solution) a competition between the Na+ and H+ ions present in the aqueous 
solution may occur.
C hapter 3
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Table 3.24. Sodium salt uptake by C4A modified silica from aqueous solutions at
different pHs at 298.15 K
PH Sample
mass
(g)
[Na]*, [Na]be [Na]ccxl
Na+ uptake Na* uptake 
(mmol/g average 
material) (mmol/g mat.)
4 1 0.051 5.60xl0 '2 3.54 xlO'2 2.07xl0‘2 4.05
4 2 0.051 5.60 xlO'2 3.47 xlO'2 2.13xl0 '2 4.20 4.12
6 3 0.051 5.64 xlO '2 3.30 xlO'2 2.35xl0"2 4.62
6 4 0.051 5.64 xlO'2 3.35 xlO'2 2.28x10‘2 4.50 4.56
8 5 0.051 5.82 xlO'2 3.28x10 '2 2.49x1 O'2 5.03
8 6 0.051 5.82 xlO'2 3.33 xlO'2 2.55x10'2 4.92 4.98
10 7 0.051 5,87 xlO'2 3.34 xlO'2 2.53xl0 '2 4.99
10
a r
8 0.050 5.87 xlO'2 3.46 xlO'2
i j —-3\ .......... . 2 .61xl0 '2 4.82 4.91a Initial concentration of sodium (mol dm'3) 
b Equilibrium concentration of sodium (mol dm'3) 
c Sodium uptake by the material (mol dm'3).
Fig. 3.82 Sodium uptake by calix[4]acetamide modified silica as a function of the 
pH of solution at 298.15 K
d )  D e te r m in a t io n  o f  t h e  e x t r a c t io n  k in e t ic s  o f  N a + b y  c a l ix [ 4 ] a c e ta m id e  C 4 A  
m o d i f ie d  s i l i c a  a t  2 9 8 .1 5  K .
The kinetics o f extraction was investigated. For this purpose, the concentration o f 
NaCl in the aqueous solution (5x l0"2 mol dm'3) and the amount o f modified silica 
(0.05 g) were kept constant. The kinetics o f the process was monitored at different 
time intervals over a period o f 24 hours at 298.15 K. The results are shown in Fig 3.83
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where the capacity o f the material to uptake sodium from aqueous solution against the 
extraction time was plotted. It can be seen that in the first hours the uptake o f sodium 
is minimum and then progressively increases until the saturation o f the material is 
reached after 8 hours, showing that the kinetics o f the sodium extraction process is 
relatively slow and it might be attributed to the high solvation o f the sodium ion in 
water.
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Table 3.25 Kinetics o f the extraction process of sodium from aqueous by C4A 
modified silica at different extraction time at 298.15 K
extraction 
time (h)
material
(g>
|Na]“ [N a ]\ [Na]ccxt
Na+ uptake 
(mmol/g 
material)
1 0.055 5.27 xlO'2 5.12 xlO'2 1.46 xlO'3 0.27
2 0.051 5.27 xlO'2 5.01 xlO'2 2.58 xlO'3 0.51
3 0.051 5.27 xlO'2 4.89 xlO'2 3.77 xlO '3 0.74
4 0.050 5.27 xlO'2 4.68 xlO'2 5.90x1 O'3 1.17
5 0.051 5.27 xlO'2 4.37x1 O'2 8.96 xlO'3 1.76
6 0.051 5.27 xlO'2 3.77 xlO'2 1.49 xlO'2 2.94
7 0.051 5.27 xlO'2 3.22 xlO'2 2.05 xlO'2 4.02
8 0.051 5.27 xlO'2 2.81 xlO'2 2.45 xlO'2 4.83
9 0.050 5.27 xlO'2 2.76x1 O'2 2.51 xlO'2 5.00
10 0.050 5.27 xlO'2 2.77 xlO'2 2.50 xlO'2 4.98
11 0.050 5.27 xlO'2 2.76x1 O'2 2.51 xlO'2 5.00
12 0.050 5.27 xlO'2 2 .76x10'2 2.51 xlO'2 4.98
24 0.050 5.27 xlO'2 2.77 xlO'2 2.50 xlO'2 4.98 "
a Initial concentration of sodium (mol dm'3) 
b Equilibrium concentration of sodium (mol dm'3) 
0 Sodium uptake by the material (mol dm'3).
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Time of extraction (h)
Fig. 3.83 Kinetics of the extraction process involving sodium and C4A modified 
silica from aqueous solution at 298.15 K
e) E ffe c t o f t e m p e r a tu r e  o n  t h e  s o d iu m  u p ta k e  f r o m  a q u e o u s  s o lu t io n  b y  
c a l ix [ 4 ] a c e ta m id e  ( C 4 A )  m o d i f ie d  s i l i c a  a t  2 9 8 .1 5  K .
In order to determine the optimum temperature for the sodium uptake from aqueous 
solutions by calix[4]acetamide modified silica, extraction experiments were carried 
out keeping the concentration o f sodium chloride and the mass o f  material constant 
but at different temperatures (288 -  3.13 K). The experiment was repeated three times 
and average values are reported in Table 3.26 and shown in Fig 3.84. These data 
demonstrate that within this temperature range, the capacity o f the material to uptake 
sodium from water is not altered significantly.
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Table 3.26. Sodium uptake by C4A modified silica from aqueous solution at 
different temperatures
T
Sample (K)
mass
(g)
[Na]“i [Na]bc [Na]cex,
Na+ uptake 
(mmol/g 
Material)
Average 
Na+ uptake 
(m m ol/g)
1 0.052 6.79x10"* 4.41xl0 '2 2.48 xlO'2 4.80
2 288.15 0.051 6.79xl0 '2 4.31 xlO'2 2.48 xlO"2 4.90
3 0.051 6 .79xl0"2 4.32 xlO'2 2.47x1 O'2 4.88 4.86
4 0.051 6.79x1 O'2 4.29 xlO’2 2.50 xlO'2 4.89
5 293.15 0.051 6 .79xl0‘2 4.28 xlO'2 2.51 xlO'2 4.92
6 0.051 6 .79xl0 '2 4.28 xlO'2 2.51 xlO'2 4.92 4.92
7 0.051 6 .79xl0 '2 4.30x10"* 2.47x1 O'2 4.89
8 298.15 0.051 6.79x1 O'2 4.28xl0"2 2.51 xlO'2 4.92 4.90
9 0.051 6.79xl0 '2 4.29 xlO'2 2.50x1 O'2 4.89
10 0.051 6.79x10 2 4.32 xlO'2 2.47 xlO'2 4.77
11 303.15 0.051 6 .79xl0 '2 4.32x1 O'2 2.47 xlO'2 4.85
12 0.051 6.79x10'2 4.32 xlO'2 2.47 xlO'2 4.88 4.87
13 0.051 6.79xl0 '2 4.32x1 O'2 2.47x1 O'2 4.84
14 308.15 0.051 6.79xl0 '2 4.32 xlO'2 2.47 xlO'2 4.87
15 0.052 6.79xl0 '2 4.32 xlO'2 2.47x1 O'2 4.77 4.83
16 0.051 6.79x1 O'2 4.30 xlO'2 2.49 xlO'2 4.87
17 313.15 0.051 6.79xl0 '2 4.28 xlO'2 2.51 xlO'2 4.88
18
a t  1
0.051 6.79xl0 '2 4.32x1 O'2
...
2.47x1 O'2 4.88 4.88
a Initial concentration of sodium (mol dm'3) 
b Equilibrium concentration of sodium(moI dm'3) 
c Sodium uptake by the material (mol dm'3).
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Fig. 3.84 Uptake of sodium by calix[4]arene modified silica from aqueous
3 .9 .2  E x t r a c t io n  o f  c a t io n s  o t h e r  t h a n  s o d iu m  b y  c a l ix [ 4 ] a c e ta m id e  m o d i f ie d  s i l ic a
a )  U p ta k e  o f  m a g n e s iu m  ( c h lo r id e  a s  c o u n t e r  io n )  b y  c a l ix [ 4 ] a c e ta m id e  
( C 4 A )  m o d i f ie d  s i l ic a .
In order to assess the selectivity o f the material towards the sodium ion from water, 
extraction experiments with other metal cation salts known to be present in seawater 
were carried out.
In Table 3.27 the capacity o f the material to uptake magnesium from aqueous 
solution, the initial and the equilibrium concentrations o f magnesium and the mass o f 
the material used are listed. In Fig 3.85 the capacity o f the material to uptake 
magnesium against the equilibrium concentration o f the magnesium cation (as 
chloride) is shown. From this Figure, it can be concluded that the capacity o f the 
material to remove magnesium from water is 1.14 mmol o f Mg2+ /g o f material.
solution at different temperatures
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Table 3.27 Magnesium (as chloride) uptake by calix[4]acetamide modified silica
R esults an d  D iscussion  C hapter 3
from aqueous solution at 298.15 K
sample
mass
g
[Mg2+]“ [M g T c [Mg2+]Ccx,
Capacity
(mmol/g
material)
1 0.051 1.59x10'3 1.53 xlO'3 6.00x10"5 0.01
2 0.050 1.66xl0'2 1.60xl0‘2 6.35X10-4 0.13
3 0.050 2.12xl0'2 1.94xl0'2 1.70xl0'3 0.34
4 0.051 3.14xl0‘2 2.75x1 O'2 3.83xl0'3 0.76
5 0.050 3.79xl0'2 3.27x10‘2 5.16xl0‘3 1.03
6 0.051 4.73xl0'2 4.17x10'2 5.62xl0'3 1.10
7
»T ‘TO* 1
0.052 5.63xl0'2 5.04xl0'2 5.87xl0"3 1.14
“Initial concentration of magnesium (mol dm'3) 
b Equilibrium concentration of magnesium (mol dm'3) 
0 Magnesium uptake by the material (mol dm'3).
Ce mmol drrr5
Fig. 3.85 Magnesium (as chloride) uptake by calix[4]acetamide modified silica 
from aqueous solution at 298.15 K
b )  U p ta k e  o f  c a lc iu m  (a s  c h lo r id e )  b y  t h e  c a l ix [ 4 ] a c e ta m id e  ( C 4 A )  m o d i f ie d  
s i l i c a .
The capacity o f  the material to remove calcium from aqueous solution, initial and 
equilibrium concentrations o f calcium and mass o f the material used are reported in 
Table 3.28. Fig 3.86 shows a plot o f the capacity o f the material to uptake calcium 
against the equilibrium concentration o f calcium. From this Figure it can be concluded
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that the capacity o f  the material to remove calcium from aqueous solution is 1.04 
mmol o f  Ca2+ /g o f material.
Table 3.28 Calcium (as chloride) uptake by calix[4] acetamide modified silica 
from aqueous solution at 298.15 K.
mass
(g)
[CaJ+]"i [Ca2+]bc [Ca2+]Cexi
Capacity
(nnnol/g
material)
0.051 2.08x1 O'3 2 .03xl0‘3 4.42 xlO'5 0.01
0.051 1.10 xlO'2 1.04x1 O'2 6.35 xlO-4 0.12
0.052 2.19 xlO’2 2.03x1 O'2 1.59x1 O'3 0.31
0.052 2.76 xlO’2 2.45xl0‘2 3.07 xlO'3 0.59
0.052 3.58 xlO'2 3.10xl0"2 4.77 xlO'3 0.91
0.054 4.22 xlO'2 3.65xl0 '2 5.72 xlO'3 1.06
0.052
a T Zj.! 1
4.91 xlO"2 4.38xl0 '2
7__i
5.36 xlO'3 1.04
a Initial concentration of calcium (mol dm"3) 
b Equilibrium concentration of calcium (mol dm'3) 
c Calcium concentration uptake by the material (mol dm'3).
Ce mmol drrr3
Fig 3.86 Calcium (II) (as chloride) uptake by calix[4] acetamide modified silica 
from aqueous solution at 298.15 K
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c) Uptake o f  lith ium  (as chloride) by the calix[4]acetamide m odified silica.
In Table 3.29 the capacity o f the material to uptake lithium from aqueous solution, 
lithium initial and equilibrium concentrations and mass o f material used are reported. 
In Fig 3.87 the capacity o f the material to uptake lithium against the equilibrium 
concentration o f lithium is plotted. The saturation point for the lithium uptake by the 
modified silica is 2.03 mmol o f Li+ /g o f material.
Table 3.29. Lithium (as chloride) uptake by calix[4]acetamide modified silica 
from aqueous solution at 298.15 K
Sample
mass
_ (g>
[L f]”, [Li+]be [L i+ e*
Capacity
(mmol/g
material)
1 0.050 2.09xl0"3 1.36xl0'3 7.30 xlO"4 0.15
2 0.051 5.90 xlO'3 3.56xl0 '3 2.34 xlO'3 0.46
3 0.053 1.02 xlO'2 5.47 xlO'3 4.70 xlO'3 0.89
4 0.051 1.46 xlO'2 8.47 xlO'3 6.13 xlO'3 1.22
5 0.051 2.08 xlO'2 1.23 xlO'2 8.59 xlO'3 1.67
6 0.051 2.76 xlO'2 1.73x1 O'2 1.03 xlO'2 2.03
7
a t_
0.051 3.44 xlO'2 2.40 xlO '2
/• . i . -3\
1.04 xlO'2 2.03
a Initial concentration of lithium (mol dm'3) 
b Equilibrium concentration of lithium (mol dm'3) 
c Lithium uptake by the material (mol dm'3).
Ce mmol dm-3
Fig. 3.87 Lithium (as chloride) uptake by calix[4] acetamide modified silica from 
aqueous solution at 298.15 K
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c )  U p ta k e  o f  p o ta s s iu m  (a s  c h lo r id e )  b y  th e  c a l ix [ 4 ] a c e ta m id e  ( C 4 A )  m o d i f ie d  
s i l i c a  f r o m  a q u e o u s  s o lu t io n .
The capacity o f the material to uptake potassium from aqueous solution, the initial 
and the equilibrium concentrations o f potassium and the mass o f the material used are 
reported in Table 3.30. A plot o f metal cation uptake per gram o f material (mmol/g) 
against the concentration o f the metal cation remaining in solution, Ce (mmol dm'3) is 
shown in Fig 3.88. The isotherm shows that the maximum uptake o f potassium (as 
chloride) is 1.43 mmol o f K+ /g o f  modified silica.
Table 3.30. Potassium chloride uptake by calix[4]acetamide modified silica from 
aqueous solution at 298.15 K
Sample
mass
g [K]ai [K]bc [K]Cex,
Capacity 
(mmol/g mat)
1 0.051 4.51xl0 '4 3.65 xlO'4 8.63 x l0 ‘5 0.02
2 0.051 2.21 xlO'3 1.10 xlO'3 1.11 x l 0‘3 0.22
3 0.051 3.62 xlO'3 1.60 x l 0‘3 2.02 xlO-3 0.39
4 0.050 5.35 xlO'3 2.09 xlO'3 3.26 x l0 ‘3 0.65
5 0.051 7.36 xlO'3 2.52 xlO’3 4.84 xlO'3 0.96
6 0.051 9.84 xlO'3 2.91 xlO'3 6.92 xlO-3 1.36
7 0.050
a t  „
1.10 xlO'2 3.84 x l0 ‘3
,  ,  ,  - i .
7.20x1 O'3 1.43
a Initial concentration of potassium (mol dm'3) 
b Equilibrium concentration of potassium (mol dm'3) 
0 Potassium uptake by the material (mol dm'3).
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Ce, mmol dm-3
Fig. 3.88 Potassium (as chloride) uptake by calix[4]acetamide modified silica 
from aqueous solution at 298.15 K
e ) U p ta k e  o f  s o d iu m  h y d r o g e n  c a r b o n a te  b y  th e  c a l ix [ 4 ] a c e ta m id e  m o d i f ie d  
s i l ic a .
Batch equilibrium experiments were performed using sodium hydrogen carbonate 
aiming to determine the capacity o f calix[4]acetamide modified silica to uptake this 
metal cation salt from aqueous solution at 298.15 K. This experiment was carried out 
to assess the effect o f the counter-ion on the extraction o f sodium by this material.
The initial, equilibrium concentrations and capacity of the material to remove sodium 
hydrogen carbonate per gram o f material from aqueous solution is reported in Table 
3.31. The extraction isotherm shows the uptake o f sodium hydrogen carbonate against 
the concentration o f sodium at equilibrium (Fig 3.89) where the a capacity is around
2.15 mmol o f Na+ /g o f material.
The higher sodium chloride extraction capacity from aqueous solution by 
calix[4]acetamide modified silica relative to sodium hydrogen carbonate may be 
attributed to the high ability o f the chloride over the hydrogen carbonate anion to form 
hydrogen bonding with the NH functionalities present on the silane group in the 
modified silica.
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Table 3.31. Sodium hydrogen carbonate uptake by calix[4]acetamide modified 
silica from aqueous solution at 298.15 K
sample
mass
g
[Na+f i [Na+]be [Na+]ccx,
Capacity
(mmol/g)
1 0.053 9.61X10-4 9.48 xlO'4 1.37 xlO'5 0.00
2 0.050 5.65 xlO'4 3.99 xlO'3 1.66 xlO'3 0.33
3 0.052 1.02 xlO'3 5.79 xlO'3 4.40 xlO'3 0.85
4 0.051 1.37 xlO'2 7.54 xlO'3 6.11 xlO'3 1.21
5 0.053 1.72x1 O'2 8 .72x10'3 8.50 xlO'3 1.60
6 0.053 2.11 xlO'2 1.00 xlO'2 1.11 xlO'2 2.08
7 0.053 2.33 xlO'2 1.20x1 O'2 1.14 xlO'2 2.15
a Initial concentration of sodium (mol dm'3) 
b Equilibrium concentration of sodium (mol dm"3) 
c Sodium concentration (mol dm'3).
2x1 O'3 4x1 O'3 6x1 O'3 8x1 O'3
Ce mmol dm-3
lxlO'2 1.2xl0'2 1.4x1 O'2
Fig. 3.89 Sodium hydrogen carbonate uptake by calix[4]acetamide modified 
silica from aqueous solution at 298.15 K
3 .9 .3  E x t r a c t io n  e x p e r im e n ts  f r o m  a q u e o u s  s o lu t io n s  c o n t a in in g  o f  a  m ix t u r e  o f  
io n s  ( s im u la t in g  s e a w a te r )  a t  2 9 8 .1 5  K .
The abundance o f ions present in seawater follows the sequence: chloride (Cf), 
sodium (Na+), sulphate (S 0 42‘), magnesium (Mg2+), calcium (Ca2+), potassium (K+),
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and bicarbonate (HCO3"). Other elements present in seawater are known as minor 
elements or important trace elements165.
In order to assess the behaviour o f the material in the presence o f several metal 
cations in aqueous solution, extraction experiments were carried out. Aqueous 
solutions containing Lift Naft K+, Mg2+ and Ca2+ as chlorides (~5xl O'2 mol dm'3) at
298.15 K were prepared. The results o f this experiment are reported in Table 3.33. 
These clearly shows that the calix [4] acetamide modified silica has a higher capacity 
to extract sodium from mixed metal cation salt solutions relative to Lift I<ft Mg2ft and 
Ca2ft
Table 3.33. Extraction of sodium in the presence of other metal cations in 
aqueous solution at 298.15 K
R esults a n d  D iscussion  C hapter 3
mass
(g)
[ionfi [ion]bc [ionfext
Capacity
(mmol/g
material)
Li+ 0.050 4.90x1 O'2 4.46x1 O'2 4.40x10‘3 0.85
Na+ 0.051 5.22x1 O'2 3.65x10‘2 1.58xl0"2 3.08
K+ 0.051 4 .86xl0 '2 4.57x10‘2 2 .86x 10'3 0.57
Mg2+ 0.052 4.90x10‘2 4.83xl0 '2 8.30x10‘4 0.17
Ca2+ 0.051 4.84xl0 '2 4 .70xl0‘2 1.43x1 O’3 0.29
a Initial concentration of the metal cation (mol dm"3) 
b Equilibrium concentration of metal cation (mol dm"3) 
0 metal cation uptake by the material (mol dm'3).
3 ,9 .4 .S e le c t iv i t  f a c t o r , S , f o r  C 4 A  m o d i f ie d  s i l i c a
The selectivity factor o f the material to uptake metal cations from aqueous solutions at
298.15 IC was calculated according to equation 3.49.
Cw +
S  = -Jm -  eq. 3.49
CM"+
Table 3.34 reports the selective factor o f  calix[4]acetamide modified silica to uptake 
several metal cations relative to sodium from aqueous solutions at 298.15 K.
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Table 3.34 Selectivity factor, S, o f calix[4] acetamide modified silica for metal 
cations at 298.15 K
metal
cations S
Li+ 2.4
Na+ 1.0
K+ 3.4
Mg2+ 4.3
Ca2+ 4.7
Based on Table 3.34 it can be seen that the calix[4]acetamide modified silica takes up 
selectively sodium-ions relative to Li*, K*, Mg2+ and Ca2+ by factors o f 2.4, 3.4, 4.3 
and 4.7 respectively. These results are consistent with the thermodynamic data for 
these metal cations which shows a higher stability constant, log Ks, for Na* in 
methanol at 298.15 K (Section 1.5.3.1)58. The comparison was performed with the log 
Ks, values in methanol due to the lack o f  data in water since both are protic solvents. 
Having stated it, it should be emphasised that there are several factors which 
contribute to the extraction process as previously discussed by Danil de Namor and 
co-workers72'75. Therefore this argument may be fortuitous.
Silica gel is an amorphous inorganic polymer containing an internal siloxane group 
(Si-O-Si) with silanol groups (Si-OH) distributed on the surface166. The use of 
chelating materials containing donor atoms on the silica gel surface have been 
previously reported for the extraction o f many metal cations167.
The extraction capacity o f calix[4]acetamide modified silica was compared with 
different materials available in the literature, most o f them were used for 
chromatographic separations (concentration o f metal cation). Nakajima and co­
workers168 reported the separation o f alkali metal chlorides mixture by bis-benzo-18- 
crown-6 modified silica using a mobile phase watenmethanol (75:25, vokvol), the 
retention increase in the following sequence Li* < Na* < Rb* < IC* < Cs*. The large 
affinity for Cs* is presumably attributed to the cation-binding ability o f bis-benzo-18- 
crown-6 169 for this cation and is reflected in the chromatographic behaviour o f the 
modified silica.
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Danil de Namor and co-workers170 reported the extraction o f alkali-metal cations from 
aqueous solution by a polymeric material containing dibenzo-18-crown-6 as anchor 
group at 298.15 K. A extraction capacity for Na+SCN around 1.29 mmol/g o f resin 
was found.
3 .9 .5  R e c y c l in g  o f  t h e  m a t e r ia l
Having studied the extraction properties o f the material, it was considered necessary 
to recycle it with the aim o f reducing its production costs and also to avoid ecological 
disposal problems. In doing so, citric acid was selected due to the following reasons, 
i) it is a weak acid and therefore the possibility to affect the material structure is 
avoided, ii) it is an environmentally friendly compound, iii) its cost is lower than any 
organic or inorganic acid.
The recycling process was performed by treating the sodium loaded 
calix[4]acetamide modified silica, with a 2% solution o f citric acid (100 ml) under 
continuous stirring for 2 hours. It was them washed several times with double­
deionised water. The water was analysed by atomic absorption spectroscopy to 
determine the amount o f sodium released by the material. This procedure was 
repeated until no trace o f sodium was found. The uptake o f the recycled material was 
tested, showing that the extraction capacity does not decrease after the recycling 
process. This is illustrated in Fig.3.90.
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Cc mmol dm'3
Fig.3.90 Capacity of calix[4] acetamide modified silica to remove sodium from 
aqueous solution after the regeneration process at 298.15 K
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C o n c lu s s io n s
3 .1 0  C o n c lu s io n s
F r o m  t h e  a b o v e  d i s c u s s i o n  o n  t h e  c a l i x [ 5 ] a r e n e  d e r i v a t i v e s ,  t h e  f o l l o w i n g  c o n c l u s i o n s  
a r e  g i v e n :
a )  T h e  c h a r a c t e r i z a t i o n  o f  / / - t e r t - b u t y l  c a l i x [ 5 ] a r e n e  e s t e r  d e r i v a t i v e ,  L i  a n d  p -  
t e r t - b u t y l  c a l i x [ 5 ] a r e n e  a c e t a m i d e ,  L 2 b y  * H  N M R  w a s  p e r f o r m e d  r e f l e c t i n g  
t h a t  b o t h  m a c r o c y c l e s  a d o p t  a  d i s t o r t e d  ‘ c o n e ’  c o n f o r m a t i o n  i n  C D C I 3 a t  
2 9 8  K .  M o r e o v e r  s o l u b i l i t y  d a t a  f o r  t h e  p a r e n t  c a l i x [ 5 ] a r e n e  a r e  f i r s t  
r e p o r t e d .  T h e s e  d a t a  w e r e  u s e d  t o  c a l c u l a t e  t h e  s t a n d a r d  G i b b s  e n e r g y  o f  
s o l u t i o n  a n d  t h e  t r a n s f e r  G i b b s  e n e r g y  f r o m  a c e t o n i t r i l e  t o  v a r i o u s  s o l v e n t s .  
T h e s e  d a t a  s u g g e s t  t h a t  t h e  p a r e n t  c a l i x a r e n e  i s  m o r e  s o l v a t e d  i n  d i p o l a r  
a p r o t i c  t h a n  i n  p r o t i c  s o l v e n t s .  H o w e v e r ,  i t s  d e r i v a t i v e s ,  L i  a n d  L 2 , s h o w  a  
d i f f e r e n t  b e h a v i o u r .  T h e s e  a r e  m o r e  s o l v a t e d  i n  a r o m a t i c  i n e r t  s o l v e n t s  t h a n  
i n  d i p o l a r  a p r o t i c ,  p r o t i c  a n d  a l i p h a t i c  i n e r t  s o l v e n t s .  S i m i l a r  s o l v a t i o n  
p a t t e r n s  a r e  o b s e r v e d  f o r  b o t h  c a l i x [ 5 ] a r e n e  d e r i v a t i v e s .
b )  T h e  c o m p l e x a t i o n  p r o c e s s  i n v o l v i n g  c a l i x [ 5 ] a r e n e  e s t e r  a n d  a m i d e  
d e r i v a t i v e s  t o w a r d s  u n i v a l e n t  a n d  b i v a l e n t  m e t a l  c a t i o n s  i n  a c e t o n i t r i l e  a n d  
m e t h a n o l  w e r e  s t u d i e d  u s i n g  d i f f e r e n t  t e c h n i q u e s .  * H  N M R  w a s  u s e d  t o  
i n v e s t i g a t e  t h e  s i t e s  o f  i n t e r a c t i o n  o f  t h e  l i g a n d  w i t h  t h e  c a t i o n  i n  
a c e t o n i t r i l e  a n d  m e t h a n o l .  A s  f a r  a s  L a  i s  c o n c e r n e d ,  n o  c o n c l u s i o n s  c a n  b e  
d r a w n  f r o m  t h e  c h e m i c a l  s h i f t  c h a n g e s  t h a t  t h e s e  l i g a n d s  u n d e r g o  u p o n  
i n t e r a c t i o n  w i t h  u n i v a l e n t  m e t a l  c a t i o n s  i n  t h e  d e u t e r a t e d  s o l v e n t s ,  C D 3C N  
a n d  C D 3O D  H o w e v e r  i n t e r a c t i o n  o f  L i  a n d  b i v a l e n t  m e t a l  c a t i o n s  t a k e s  
p l a c e  t h r o u g h  t h e  e t h e r e a l  a n d  c a r b o n y l  o x y g e n s  o f  t h e  h y d r o p h i l i c  c a v i t y  
o f  t h i s  l i g a n d  i n  C D 3C N .  I n  C D 3O D ,  t h i s  l i g a n d  i n t e r a c t s  o n l y  w i t h  B a 2 + . * H  
N M R  d a t a  f o r  L 2 a n d  m e t a l  c a t i o n s  s h o w  t h a t  t h i s  l i g a n d  i n t e r a c t  w i t h  u n i  
a n d  b i v a l e n t  c a t i o n s  i n  b o t h  s o l v e n t s  t h r o u g h  t h e  e t h e r e a l  a n d  t h e  c a r b o n y l  
o x y g e n s .
c )  C o n d u c t o m e t r i c  t i t r a t i o n s  s h o w  t h a t  L i  f o r m s  1 : 1  ( l i g a n d : m e t a l  c a t i o n )  
c o m p l e x e s  w i t h  u n i v a l e n t  a n d  b i v a l e n t  c a t i o n s  i n  a c e t o n i t r i l e  a n d  m e t h a n o l  
a t  2 9 8 . 1 5  K .  H o w e v e r  L 2 s e e m s  t o  t a k e  u p  t w o  c a t i o n s  p e r  u n i t  o f  l i g a n d  f o r  
L i +  a n d  N a +  i n  a c e t o n i t r i l e .  C o m p l e x e s  o f  1 : 1  s t o i c h i o m e t r y  a r e  f o u n d  w i t h  
t h e  l a r g e s t  a l k a l i - m e t a l  c a t i o n s  ( K + , R b *  a n d  C s + )  a n d  b i v a l e n t  c a t i o n s .  I n
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methanol L 2 forms only 1:1 (L:Mn+) complexes with all univalent and 
bivalent metal cations investigated at 298.15 K.
d) Thermodynamics o f  complexation o f L j and univalent metal cations in 
MeCN and MeOH shows that this ligand is less selective that the ester 
tetramer in these solvents. On the other hand, thermodynamic data o f 
complexation for L i and bivalent metal cations in acetonitrile and methanol 
at 298.15 K reflect that among these metal cations the complex o f highest 
stability is found for the Ba2+ cation.
As far as L 2 is concerned, thermodynamic studies o f  this ligand with 
univalent cations in M eCN revealed that L 2 is able to complex two cations 
(lithium and sodium) per unit o f ligand. However, L 2 forms complexes o f 
1:1 stoichiometry with the rest o f  univalent metal cations (K+, Rb+, Cs+ and 
Ag+) in this solvent. The same composition is found for L2 with bivalent 
cations. In addition this ligand L 2 interacts selectively with the Ba2+ cation
e) Considering L i, the correlation between the ACG° against the AS0|VG0 o f 
univalent metal cations in acetonitrile and methanol shows a slight 
selectivity peak for Rb+ in both solvents. Furthermore the contribution of 
both, the ligand binding and the desolvation energies in the complexation 
process are partially compensated. On the other hand, in term s o f enthalpies 
the exothermic maximum for complex formation is found for Rb+ in 
acetonitrile, while in methanol this is observed for K+. However a related 
cyclic tetram er in these solvents show a selectivity peak for sodium in both 
solvents . As far as bivalent cations and L i are concerned, the selectivity 
peak observed in terms o f Gibbs energy on the complexation process o f the 
cyclic tetramer and these cations in acetonitrile is not existent in the 
complexation process o f the cyclic pentamer and these cations in this solvent. 
In terms o f  Gibbs energy , L 2 in its interaction with univalent cations shows a 
slight selectivity peak for K+ in acetonitrile at 298.15 K. However in terms o f 
enthalpy, the highest enthalpic stability is reached with the lithium cation in 
this solvent. On the other hand the different behaviour between Gibbs energy 
and enthalpy observed is a consequence o f the unfavourable entropy 
contribution. Moving to methanol, a slight selective peak in Gibbs energy and 
enthalpy is observed for rubidium over the rest o f univalent metal cations. As
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far as bivalent metal cations and L 2 are concerned, in terms o f Gibbs energy 
and enthalpy the same pattern as Li is found in acetonitrile and methanol at
298.15 K.
f) Based on the above conclusions, a recyclable material based on 
calix[4]arene acetamide derivative was successfully prepared and 
characterised by elemental and thermogravimetric analysis. Extraction 
experiments with calix[4]acetamide modified silica show that this material 
selectively uptake Na+ among several metal cations from aqueous solutions. 
Different param eters were considered to establish the optimum conditions 
for the removal o f sodium from aqueous solution by this material. Citric 
acid was used to regenerate the material. It is demonstrated that the capacity 
o f the material was not altered after a single recycling process.
3 .1 1  S u g g e s t io n s  f o r  f u t u r e  w o r k
Based on the above conclusions, the following suggestions for further work are 
given:
I. Isolation o f  suitable crystals o f  metal-ion complexes involving univalent 
and bivalent metal cations with calix[5]arene derivatives for X-ray 
diffraction studies would provide an indication about the sites o f interaction 
o f these ligands with these metal cations and would allow to establish a 
comparison with metal-ion complexes o f  the cyclic tetramer.
II. The solution properties o f the metal-ion complexes o f  these ligands in 
acetonitrile and methanol would add further to the present understanding on 
these systems.
III. The use o f  p-tert-butylcalix[5]arene acetamide derivatives for the design o f 
ion selective electrodes should be explored and other polymerisation 
approaches should be attempted to reduce the number o f  steps involved in 
the preparation o f  the polymeric material.
Conclussions
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Appendix A
Table 1. Conductometric data for the titration o f Li+ (as perchlorate) with L i in MeCN 
at 298.15 K.
[Li]/[Li+] A,n (S cm2 mol'1) [Lil/[Li+] Am (S cm2 mol'1)
0.00 172.98 1.18 150.75
0.08 171.13 1.28 150.00
0.17 169.15 1.38 149.29
0.25 167.26 1.47 148.69
0.36 164.90 1.58 148.17
0.42 163.20 1.69 147.65
0.47 162.20 1.82 146.88
0.54 160.47 1.92 146.45
0.61 159.00 2.03 145.93
0.69 157.54 2.13 145.42
0.78 155.82 2.23 144.82
0.87 154.19 2.34 144.39
0.97 152.90 2.48 143.70
1.06 151.61
Table 2. Conductometric data for the titration o f  Na+ (as perchlorate) with Li in 
MeCN at 298.15 K.
[Lil/rNa+] A m (S cm2 mol'1) [L1l/[Na+1 Am (S cm2 m o l1)
0.00 180.01 1.28 151.76
0.06 178.56 1.37 151.07
0.13 176.53 1.46 150.87
0.20 174.74 1.56 150.78
0.26 172.91 1.68 150.58
0.34 170.57 1.78 150.38
0.42 168.18 1.89 149.98
0.51 165.75 2.00 149.98
0.59 163.38 2.10 149.79
0.67 161.29 2.20 149.69
0.76 159.06 2.31 149.79
0.84 157.05 2.43 149.59
0.92 155.43 2.56 149.09
1.01 154.44 2.70 148.90
1.10 153.35 2.80 148.90
Table 3. Conductom etric data for the titration o f  K+ (as perchlorate) w ith L i in M eCN
at 298.15 K.
[Li]/[K+] Am (S cm2 m o l1) ILil/fK 1 Am (S cm2 mol'1)
0.00 185.25 1.08 143.27
0.05 183.39 1.19 142.08
0.10 181.18 1.30 141.53
0.16 178.55 1.41 141.09
0.23 174.94 1.53 141.17
0.31 171.73 1.64 141.05
0.38 167.68 1.75 141.30
0.46 164.64 1.88 141.43
0.53 161.38 2.00 141.66
0.61 157.99 2.12 141.83
0.70 154.33 2.25 142.02
0.80 150.66 2.38 142.31
0.89 147.58 2.51 142.56
0.99 144.94 2.64 142.95
Table 4. Conductometric data for the titration o f  Rb* (as perchlorate) with Li in 
MeCN at 298.15 K.
fLil/fRb*! Am (S cm2 mol-1) lLtl/[Rb+j Am (S cm2 m o l1)
0.00 189.62 1.35 143.18
0.07 186.54 1.44 143.16
0.15 182.44 1.53 143.15
0.23 178.36 1.61 143.31
0.32 173.84 1.70 143.37
0.41 169.56 1.80 143.53
0.50 165.32 1.88 143.68
0.58 160.99 1.98 143.93
0.67 157.22 2.08 144.08
0.76 153.59 2.17 144.49
0.84 149.99 2.27 144.87
0.93 147.55 2.38 145.09
1.01 145.69 2.50 145.27
1.09 144.53 2.63 145.55
1.18 143.92 2.78 145.78
1.26 143.44 2.93 145.64
Table 5. Conductom etric data for the titration o f  Cs+ (as perchlorate) w ith L j in
M eCN at 298.15 K.
\U V \C s+1 Am (S cm2 mol'1) fLxl/lC sl Am (S cm2 mol'1)
0.00 191.90 1.20 146.79
0.05 189.67 1.30 146.11
0.12 186.04 1.43 145.50
0.20 182.06 1.54 145.13
0.28 178.14 1.65 145.06
0.35 174.27 1.78 145.05
0.44 170.05 1.92 145.16
0.54 165.56 2.06 145.16
0.64 161.17 2.20 145.44
0.73 157.55 2.33 145.66
0.82 154.66 2.47 145.92
0.91 152.05 2.61 146.20
1.01 149.70 2.73 146.43
1.10 148.23
Table 6 . Conductometric data for the titration o f  Ag+ (as perchlorate) with L i in 
MeCN at 298.15 IC
[Lil/[Ag*l Am(S Cm2 mol'1) [L,l/|Ag*l Am(S Cm2 mol'1)
0.00 184.76 1.31 188.87
0.12 184.87 1.43 189.39
0.24 185.17 1.54 189.77
0.36 185.72 1.66 189.81
0.48 186.09 1.78 190.27
0.59 186.23 1.90 190.63
0.71 186.58 2.02 190.83
0.83 187.01 2.14 191.02
0.95 187.48 2.26 191.36
1.07 187.76 2.38 191.31
1.19 188.51 2.49 190.90
Table 7. Conductometric data for the titration o f  Mg2+ (as perchlorate) with Li in 
MeCN at 298.15 K.
[Lij/fMg24! Am (S cm2 m o l1) [L,l/[M g2+| A„, (S cm2 mol'11
0 302.85 1.59 293.57
0.2 301.08 1.75 293.28
0.35 299.74 1.91 292.76
0.5 298.56 2.07 292.44
0.64 297.42 2.23 292.27
0.78 296.69 2.4 291.97
0.94 295.86 2.56 291.71
1.1 295.27 2.72 291.56
1.26 294.63 2.88 291.42
1.43 294.00 3.04 291.31
Table 8. Conductom etric data for the titration o f  Ca2+ (as perchlorate) w ith L i in
M eCN at 298.15 K.
[LiJ/(Ca2+J Am (S cm2 mol'1) [Lft/fCa 1 Am (S cm2 m o l1)
0.00 319.95 1.34 263.32
0.08 315.05 1.48 263.28
0.16 310.70 1.62 263.21
0.25 305.50 1.76 263.39
0.35 299.30 1.90 263.66
0.46 292.30 2.08 263.81
0.58 285.60 2.26 264.00
0.70 279.70 2.44 264.37
0,81 273.90 2.63 264.49
0.93 268.60 2.82 265.23
1.07 265.10 3.01 265.64
1.21 263.70
Conductometric data for the titration o f Sr2+ (as perchlorate) with Lj in
MeCN at 298.15 K.
fLil/fSr ] Am (S cm2 mol'1) riui/rsr i Am (S cm2 mol-
0.00 338.41 1.20 278.45
0.07 334.58 1.32 278.45
0.13 330.62 1.44 277.66
0.23 325.05 1.57 277.35
0.31 320.61 1.72 277.20
0.39 315.39 1.88 276.78
0.47 310.48 2.05 276.53
0.56 305.47 2.24 276.43
0.66 299.87 2.44 276.09
0.76 293.90 2.64 275.91
0.86 288.04 2.84 275.63
0.97 282.48 3.05 275.43
1.09 279.67
Table 10. Conductom etric data for the titration o f  Ba2+ (as perchlorate) w ith L i in
M eCN at 298.15 K.
[Lil/fBa2+l Am (S cm2 m o l1) [Lfl/lBa2*! Am (S cm2 m o l1)
0.00 357.73 1.22 305.11
0.06 354.65 1.33 305.17
0.11 351.87 1.45 305.34
0.17 349.04 1.56 305.59
0.22 346.15 1.67 305.87
0.28 343.24 1.79 306.17
0.34 340.13 1.90 306.54
0.40 336.84 2.02 306.65
0.47 333.11 2.14 307.03
0.52 330.03 2.27 307.11
0.60 325.94 2.38 307.53
0.69 321.14 2.46 307.60
0.79 315.57 2.53 307.60
0.90 310.23 2.64 308.20
1.00 306.50 2.78 308.30
1.11 305.37 2.92 308.50
Table 11. Conductometric data for the titration o f Cd2+ (as perchlorate) with Li in
MeCN at 298.15 K.
[Li]/[Cd2+] Am(Cm2 mol*1) lLil/[Cd2+l Am(Cm2 mol*1)
0.00 317.92 1.62 281.50
0.12 313.88 1.76 280.85
0.24 309.53 1.89 279.90
0.36 305.15 2.03 279.54
0.48 300.88 2.16 279.15
0.61 297.27 2.30 279.03
0.73 293.38 2.43 278.44
0.85 290.68 2.57 278.20
0.97 288.44 2.71 277.84
1.09 286.43 2.85 277.78
1.21 284.59 3.00 278.17
1.35 283.29 3.14 278.19
1.48 282.27
Table 12. Conductom etric data for the titration o f  Hg2+ (as perchlorate) w ith L i in
M eCN at 298.15 K.
fLil/[Hg2+l Am(S Cm2 mol'1) \U V W z 2+] Am(S Cm2 m o l1)
0.00 349.49 1.27 300.80
0.08 345.92 1.39 299.30
0.17 341.67 1.50 297.80
0.25 337.02 1.62 296.60
0.33 333.42 1.74 295.60
0.42 328.87 1.85 294.40
0.50 325.12 1.97 293.40
0.58 321.77 2.09 292.20
0.67 317.50 2.22 291.00
0.75 314.66 2.35 289.50
0.83 311.46 2.47 288.30
0.92 308.09 2.60 287.00
1.03 305.00 2.72 285.13
1.15 303.00
Table 13. Conductometric data for the titration o f Pb2+ (as perchlorate) with L i in 
MeCN at 298.15 K.
~lL il/rP b2+j Am(S Cm2 m o l1) \U V \Y b 2+] Am(S Cm2 m oY1)
0.00 335.20 1.30 284.30
0.10 330.53 1.43 283.60
0.21 325.68 1.56 283.60
0.31 320.60 1.72 283.63
0.42 315.27 1.87 284.02
0.52 309.91 2.03 284.39
0.62 304.81 2.19 285.02
0.73 299.53 2.34 285.59
0.83 294.45 2.50 286.15
0.94 289.13 2.65 285.83
1.04 285.13 2.81 285.65
1.17 284.30 2.97 286.05
Table 14. Conductom etric data for the titration o f  Li+ (as perchlorate) w ith L i in
M eOH at 298.15 K.
\U V \U +] Am (S Cm2 m o l1) \U V \U +] Am (S Cm2 m o l1)
0.00 110.56 1.39 114.19
0.12 110.14 1.53 114.88
0.25 110.11 1.67 115.61
0.37 110.32 1.81 115.94
0.49 110.62 1.95 116.23
0.61 111.06 2.09 116.52
0.73 111.44 2.24 117.05
0.86 111.91 2.42 117.28
0.98 112.47 2.61 117.19
1.12 112.88 2.80 118.02
1.25 113.72 2.99 118.79
Table 15. Conductometric data for the titration o f Na+ (as perchlorate) with L i in 
MeOH at 298.15 K
fL H /lN al Am (S Cm2 m o l1) [Li1/[Na+l Am (S Cm2 m o l1)
0.00 115.11 1.31 104.59
0.08 114.47 1.41 104.50
0.15 113.84 1.52 104.38
0.23 113.06 1.64 104.26
0.31 112.00 1.76 104.11
0.41 111.22 1.91 104.10
0.50 110.13 2.08 104.02
0.59 109.17 2.23 104.02
0.68 108.19 2.38 103.89
0.78 107.20 2.53 103.81
0.88 106.00 2.68 103.60
0.99 105.09 2.85 103.68
1.09 104.87 3.00 103.68
1.19 104.73
Table 16. Conductom etric data for the titration o f  K+ (as perchlorate) w ith L i in
MeOH at 298.15 K
[Li]/[K+] Am (S Cm2 mol*1) fLil/fK 1 Am (S Cm2 mol*1)
0.00 122.58 1.24 97.64
0.07 120.86 1.32 97.45
0.18 118.13 1.42 97.45
0.26 116.09 1.51 97.45
0.33 113.91 1.60 97.45
0.42 111.75 1.70 97.45
0.51 109.57 1.82 97.25
0.59 107.59 1.92 97.25
0.67 105.79 2.04 97.15
0.75 103.91 2.16 97.25
0.83 102.33 2.28 97.06
0.91 100.66 2.40 97.06
0.99 99.40 2.51 96.84
1.08 98.33 2.62 96.61
1.16 97.84 2.72 96.34
Table 17. Conductometric data for the titration o f  Rb+ (as perchlorate) with L i in 
MeOH at 298.15 K
[L i|/[R bJ Ara (S Cm2 m o l1) |L ,|/[R b+| Am (S Cm2 m o l1)
0.00 129.27 1.18 95.90
0.06 127.43 1.25 95.70
0.13 125.24 1.34 95.43
0.21 122.55 1.43 95.22
0.29 120.10 1.53 95.33
0.35 118.10 1.63 95.29
0.42 115.90 1.72 95.34
0.49 113.30 1.83 95.43
0.58 110.40 1.94 95.60
0.64 108.30 2.06 95.67
0.71 106.00 2.15 95.80
0.79 103.60 2.26 96.08
0.86 101.20 2.41 96.00
0.94 98.60 2.57 96.00
1.02 96.90 2.77 96.00
1.10 96.40
Table 18. Conductom etric data for the titration o f  Cs+ (as perchlorate) w ith L i in
M eOH at 298.15 K
fLil/[Cs+1 Am (S Cm2 m o l1) [Lil/fCsft Am (S Cm2 m o l1)
0.00 131.97 1.15 95.24
0.06 129.80 1.26 94.78
0.14 126.60 1.36 94.40
0.22 123.60 1.47 94.18
0.30 120.24 1.59 93.99
0.36 118.11 1.72 93.99
0.41 115.93 1.84 94.07
0.46 114.10 1.97 94.15
0.53 111.10 2.10 94.23
0.60 108.12 2.23 94.41
0.67 105.90 2.36 94.62
0.79 102.10 2.50 94.93
0.87 99.65 2.63 95.20
0.95 97.61 2.76 95.50
1.06 96.42 2.88 95.50
Table 19. Conductometric data for the titration o f Ag+ (as perchlorate) with L j in 
MeOH at 298.15 K
[Lil/[Ag+] Am (S Cm2 m o l1) [L d /fA gl Am (S Cm2 m o l1)
0.00 121.03 1.36 106.71
0.10 119.68 1.49 106.12
0.20 118.30 1.64 105.53
0.31 117.13 1.82 104.72
0.42 115.55 1.97 104.14
0.54 113.78 2.16 103.47
0.67 112.13 2.38 102.74
0.81 110.64 2.58 102.06
0.93 109.26 2.80 101.41
1.07 108.18 3.01 100.80
1.21 107.40 3.28 100.17
Table 20. Conductom etric data for the titration o f  M g2+ (as perchlorate) w ith L , in
M eOH at 298.15 K
[Lil/[M g;*i Am (S Cm2 mol'1) |L i|/[M g21  Am(S C m 2 m or1)
0.00 217.98 1.22 217.00
0.10 217.80 1.32 217.10
0.20 217.80 1.46 217.10
0.32 217.70 1.60 216.70
0.43 217.60 1.76 216.60
0.53 217.30 1.93 216.50
0.66 217.60 2.09 216.30
0.77 217.40 2.25 216.50
0.85 217.30 2.41 216.50
0.94 217.30 2.57 216.50
1.03 217.20 2.73 216.50
1.12 217.10
21. Conductometric data for the titration o f Ca2+ 
MeOH at 298.15 K
(as perchlorate) with Li
[Lil/fCa2*! A,n (S Cm2 mol'1) [Li|/[Ca2+| Am (S Cm2 m o l1)
0.00 225.54 1.26 222.88
0.11 224.80 1.37 223.00
0.20 224.20 1.51 223.20
0.33 223.60 1.65 223.10
0.44 223.20 1.82 223.30
0.55 223.00 1.99 223.50
0.68 222.60 2.16 223.60
0.79 222.63 2.33 224.00
0.88 222.70 2.50 224.00
0.97 222.65 2.66 224.00
1.07 222.70 2.83 224.00
1.16 222.86
22. Conductometric data for the titration o f  Sr2+ (as perchlorate) with Lj
MeOH at 298.15 K
[Li]/[Sr ] A m (S Cm2 mol"1) [Li]/[Sr2+] Am (S Cm2 mol-1)
0.00 247.60 1.16 249.28
0.09 247.20 1.28 249.57
0.18 247.53 1.39 249.56
0.27 247.42 1.50 249.81
0.38 247.20 1.64 250.10
0.52 247.48 1.77 250.19
0.62 247.48 1.91 250.36
0.73 247.65 2.05 250.66
0.85 247.82 2.20 250.86
0.96 248.08 2.35 251.07
1.05 248.80 2.51 251.20
Table 23. Conductom etric data for the titration o f  Ba2+ (as perchlorate) w ith L i in
M eOH at 298.15 K
[L i]/|B a2+] Am (S C m 2 mol"1) fLfl/lBa 1 Am (S C m 2 mol"1)
0.00 256.34 1.35 231.00
0.10 253.70 1.49 230.08
0.20 251.30 1.64 229.40
0.31 248.70 1.82 229.20
0.41 246.30 1.98 228.70
0.51 244.00 2.14 228.90
0.63 241.10 2.25 228.70
0.74 238.50 2.37 228.60
0.87 236.10 2.50 228.60
0.98 233.70 2.63 228.11
1.10 232.30 2.75 228.00
1.22 231.60 2.88 228.00
Table 24. Conductometric data for the titration o f Cd2+ (as perchlorate) with L i in 
MeOH at 298.15 K
[Lij/fC d2*! Am (S Cm 2 m o l1)
0.00 219.57
0.09 218.55
0.18 217.89
0.28 217.16
0.38 216.82
0.48 216.46
0.58 216.17
0.68 215.56
0.80 215.43
0.91 215.08
1.04 214.78
1.19 214.57
[Lfl/fCd2*] A,n (S C m 2 m ol'1)
1.34 214.45
1.50 214.29
1.64 214.11
1.80 214.00
1.97 213.78
2.15 213.69
2.33 213.32
2.51 213.25
2.72 213.22
2.93 212.71
3.12 212.70
Table 25. Conductom etric data for the titration o f  Hg2+ (as perchlorate) w ith L i in
M eO H  at 298.15 K
IL,|/[Ha2+] Am (S Cm2 mol'1) [Ld/fHg 1 Am (S Cm2 mol'1)
0.00 223.59 1.20 223.69
0.09 223.51 1.31 223.85
0.21 223.56 1.41 224.04
0.30 223.40 1.51 224.68
0.40 223.39 1.64 224.88
0.49 223.14 1.79 225.14
0.60 223.36 1.93 225.47
0.70 223.18 2.09 225.50
0.80 223.27 2.26 226.05
0.89 223.14 2.42 226.23
1.00 223.33 2.59 226.41
1.10 223.51 2.77 226.86
Table 26. Conductometric data for the titration o f Pb2+ (as perchlorate) with L i in 
MeOH at 298.15 K
[L1l/fPb2+j Ani (S Cm2 m o l1) [Lil/[Pb2+l A,„ (S Cm2 m o l1!"
0.00 200.81 1.31 199.38
0.10 200.14 1.45 199.29
0.22 200.01 1.64 199.15
0.32 199.83 1.78 199.08
0.43 199.67 1.94 198.95
0.54 199.57 2.09 198.88
0.66 199.48 2.25 198.84
0.78 199.58 2.42 198.64
0.90 199.48 2.59 198.52
1.03 199.34 2.82 198.37
1.16 199.37
Table 27. Conductometric data for the titration o f Zn2+ (as perchlorate) with Li in 
MeOH at 298.15 IC
\U V \Z n 2+] Am (S Cm2 m o l1) \U V \Z n 2+] Am (S Cm2 m o l1)""
0.00 211.64 1.37 210.04
0.11 210.97 1.52 209.86
0.23 210.73 1.72 209.71
0.34 210.53 1.87 209.64
0.45 210.37 2.03 209.51
0.57 210.24 2.19 209.44
0.69 210.14 2.36 209.39
0.81 210.25 2.54 209.19
0.94 210.15 2.72 209.06
1.08 210.00 2.96 208.91
1.22 210.03
Table 28. Conductom etric data for the titration o f  Li+ (as perchlorate) w ith L 2 in
M eCN  at 298.15 K
fL2l/rLi+l Am (S Cm2 mol'1) \U V \U +] Am (S Cm2 m o l1)
0.07 176.10 1.37 144.22
0.13 175.54 1.45 144.77
0.20 174.93 1.53 144.98
0.27 173.72 1.61 145.29
0.34 172.40 1.69 145.43
0.40 170.47 1.77 145.59
0.47 168.74 1.85 146.20
0.54 166.54 1.93 146.61
0.61 163.88 2.01 146.76
0.67 160.77 2.09 147.12
0.74 157.46 2.17 147.09
0.81 154.20 2.25 147.52
0.88 150.59 2.33 147.83
0.94 146.51 2.41 148.23
1.01 143.26 2.49 148.44
1.08 143.49 2.57 148.74
1.16 143.87 2.65 149.15
1.23 144.17 2.73 149.15
1.30 144.27
Table 29. Conductometric data for the titration o f Na+ (as perchlorate) with L2 in 
MeCN at 298.15 K
[L2]/[Na+l Am (S cm2 mol'1) [L2]/[Na+] Am (S cm2 mol'1)
0.07 179.16 1.42 141.25
0.13 178.26 1.50 141.39
0.20 176.41 1.58 141.63
0.26 174.99 1.66 141.72
0.33 173.32 1.73 141.80
0.40 170.96 1.81 141.85
0.46 168.53 1.89 142.13
0.53 166.03 1.97 142.14
0.59 162.61 2.05 142.38
0.66 159.42 2.13 142.43
0.73 156.37 2.21 142.51
0.79 152.80 2.28 142.56
0.86 148.27 2.36 142.60
0.93 144.41 2.44 142.61
0.99 140.59 2.52 142.61
1.06 140.16 2.60 142.58
1.13 140.50 2.68 142.54
1.21 140.83 2.76 142.47
1.28 141.14 2.83 142.39
1.35 141.32
Table 30. Conductometric data for the titration of K+ (as perchlorate) with L 2 in
MeCN at 298.15 K
I U V [ K + ] A,n (S cm2 mol"1) [L2]/[K+] Am (S cm2 mol'1)
0.00 153.77 1.18 110.49
0.06 151.51 1.31 110.93
0.12 149.03 1.45 111.31
0.18 146.39 1.59 111.70
0.25 143.65 1.73 112.09
0.31 140.70 1.88 112.52
0.41 136.44 2.03 112.90
0.49 132.98 2.18 113.17
0.57 129.46 2.33 113.53
0.68 124.97 2.49 113.81
0.77 120.96 2.66 114.09
0.86 116.92 2.83 114.54
0.96 112.80 2.95 114.80
1.06 109.82
Table 31. Conductometric data for the titration of Rb+ (as perchlorate) with L2 in 
MeCN at 298.15 K
[L2l/[Rb+l Am (S cm2 mol'1) [L2l/[Rb*l A,,, (S cm2 m o l1)
0.0 190.13 1.2 143.47
0.1 187.81 1.3 144.30
0.1 184.56 1.4 145.26
0.2 181.63 1.5 146.19
0.3 177.94 1.7 147.16
0.4 174.10 1.8 148.05
0.4 170.20 2.0 148.92
0.5 166.32 2.1 150.02
0.6 161.81 2.3 150.88
0.7 157.59 2.4 152.08
0.8 153.46 2.6 153.20
0.9 148.77 2.7 154.09
1.0 144.14 2.9 155.08
1.1 142.71 3.0 156.09
Table 32. Conductometric data for the titration of Cs+ (as perchlorate) with L 2 in
MeCN at 298.15 K
[L2]/[Cs+J Am (S cm2 mol"1) [L2]/[Cs+1 Am (S cm2 mol'1)
0.08 193.13 1.01 141.87
0.13 187.88 1.08 142.19
0.19 185.14 1.15 142.63
0.25 181.92 1.23 143.25
0.31 177.54 1.31 143.57
0.36 173.78 1.40 144.04
0.42 170.51 1.49 144.70
0.52 167.42 1.59 145.25
0.58 160.13 1.69 145.72
0.64 156.16 1.80 146.36
0.71 152.18 1.91 146.88
0.77 148.31 2.02 147.44
0.87 145.15 2.14 148.05
0.94 141.65 2.26 148.62
Table 33. Conductometric data for the titration of Ag+ (as perchlorate) with L2 in 
MeCN at 298.15 K
[L2l/[Ag+l Am (S Cm2 mol'1) [L2l/[Ag*] A,,, (S Cm2 mol'1)
0.00 181.90 1.28 152.07
0.08 178.75 1.37 151.17
0.16 176.19 1.49 150.47
0.23 173.87 1.60 149.61
0.31 171.02 1.73 149.00
0.40 168.78 1.88 148.36
0.49 166.27 2.01 147.98
0.59 163.61 2.14 147.48
0.68 161.69 2.29 147.39
0.77 159.62 2.43 147.29
0.89 157.40 2.57 147.21
1.07 154.44 2.71 147.04
1.18 153.10 2.84 146.83
Table 34. Conductometric data for the titration of Mg2+ (as perchlorate) with L 2 in
MeCN at 298.15 K
[L2l/[Mg2*1 Am (S cm2 mol'1) [L2l/[Mg2+l Am (S cm2 m o l1)
0 312.89 1.33 264.32
0.12 305.07 1.47 266.63
0.24 297.64 1.64 269.20
0.37 288.98 1.82 271.79
0.5 283.00 1.99 274.36
0.62 277.01 2.20 277.09
0.78 270.36 2.37 279.28
0.91 265.23 2.57 281.51
1.04 260.25 2.79 284.15
1.18 261.64 3.02 286.77
Table 35. Conductometric data for the titration of Ca2+ (as perchlorate) with L2 in 
MeCN at 298.15 IC
[L2]/[Ca2+l Am (S cm2 mol'1) fL21/rCa2+j Am (S cm2 m o l1)
0.00 318.48 1.29 262.72
0.06 314.46 1.36 263.66
0.15 308.75 1.45 264.66
0.23 303.62 1.54 265.74
0.31 298.63 1.64 266.72
0.35 295.95 1.73 267.81
0.40 292.78 1.84 269.00
0.48 288.60 1.93 270.10
0.55 285.90 2.02 270.87
0.62 282.45 2.11 271.95
0.67 279.43 2.20 272.96
0.74 275.98 2.29 274.65
0.80 272.37 2.38 275.87
0.88 268.04 2.48 277.28
0.96 263.88 2.61 278.26
1.04 259.71 2.75 279.58
1.12 260.20 2.89 280.76
1.20 261.35
Table 36. Conductometric data for the titration of Sr2+ (as perchlorate) with L 2 in
MeCN at 298.15 K
[L2l/[Sr2+l Am (S cm2 m o l1) [L2l/[Sr2+l Am (S cm2 m o Y 1)
0.00 336.33 1.26 278.32
0.05 333.18 1.34 279.60
0.11 328.63 1.42 280.97
0.18 323.41 1.50 282.21
0.24 318.48 1.59 283.60
0.31 314.85 1.71 285.44
0.38 311.12 1.82 287.24
0.45 306.89 1.93 289.41
0.50 303.11 2.05 290.98
0.57 298.15 2.17 292.34
0.64 294.03 2.29 293.93
0.71 289.38 2.40 295.30
0.77 287.65 2.51 296.78
0.84 283.18 2.64 298.22
0.90 278.41 2.77 300.15
0.98 273.69 2.90 301.86
1.05 274.31 3.03 303.42
1.14 276.41
Table 37. Conductometric data for the titration of Ba2+ (as perchlorate) with L2 in 
MeCN at 298.15 IC
[L2]/[Ba2+l Am (S cm2 m o l1) [L2I/rBa2+j An, (S cm2 m o l1)
0.00 312.23 1.87 280.32
0.07 311.62 2.06 282.61
0.17 307.97 2.20 284.11
0.30 302.45 2.33 285.46
0.40 298.33 2.52 287.56
0.50 294.61 2.69 289.36
0.60 290.37 2.86 291.60
0.69 286.37 3.02 287.27
0.78 283.00 3.21 281.70
0.87 279.15 3.41 283.08
0.98 275.20 3.61 284.68
1.08 272.90 3.80 286.06
1.17 272.46 3.98 287.54
1.27 273.63 4.19 289.00
1.37 274.62 4.40 290.93
1.48 275.98 4.63 292.65
1.61 277.19 4.84 294.22
1.74 278.68
Table 38. Conductometric data for the titration of Cd2+ (as perchlorate) with L2 in
MeCN at 298.15 K
[L2]/[Cd2*] Am (S Cm2 m o l1) [L2]/[Cd2+l Am (S Cm2 m o l1)
0.00 315.58 1.40 260.30
0.08 310.40 1.50 261.20
0.17 305.50 1.61 262.90
0.25 301.10 1.71 264.30
0.33 296.00 1.81 266.50
0.41 290.90 1.92 268.20
0.49 286.40 2.02 269.20
0.57 281.60 2.12 271.40
0.65 276.70 2.23 272.00
0.73 271.55 2.33 273.60
0.81 266.90 2.43 274.90
0.89 262.50 2.54 276.00
0.97 258.90 2.64 277.36
1.06 256.30 2.74 278.08
1.14 257.20 2.85 278.79
1.22 257.49 2.95 279.49
1.30 258.50
Table 39. Conductometric data for the titration of Hg2* (as perchlorate) with L2 in 
MeCN at 298.15 K
]L 2 l/fHg2*l Am (S Cm2 m o l1) lL2j/[Hg2*i Am (S Cm2 m o l 1)
0.00 343.98 1.35 269.06
0.07 337.54 1.46 269.76
0.13 332.70 1.54 270.42
0.20 327.40 1.64 271.36
0.27 320.80 1.75 271.95
0.35 314.20 1.86 272.41
0.43 308.00 1.96 272.98
0.51 302.20 2.05 273.49
0.59 296.50 2.17 273.97
0.68 290.30 2.29 274.50
0.76 283.42 2.40 274.30
0.86 277.90 2.52 274.80
0.96 273.00 2.63 275.00
1.05 269.90 2.74 275.10
1.15 269.00 2.85 275.28
1.25 268.53 2.96 275.47
Table 40. Conductometric data for the titration of Pb2+ (as perchlorate) with L 2 in
MeCN at 298.15 K
[L2/Pb2+] Am (S Cm2 mol'1) [L2/Pb2+] Am (S Cm2 m o l1)
0.00 335.66 1.47 267.00
0.11 329.20 1.58 267.40
0.21 321.10 1.68 268.30
0.32 313.10 1.79 269.20
0.42 306.00 1.89 270.10
0.53 297.60 2.00 271.00
0.63 290.00 2.10 271.00
0.74 282.50 2.21 272.00
0.84 275.40 2.31 272.30
0.95 267.40 2.42 273.60
1.05 264.30 2.52 274.10
1.16 265.20 2.63 274.50
1.26 265.20 2.73 275.67
1.37 266.10 2.84 276.70
Table 41 Conductometric data for the titration of Zn2+ (as perchlorate) with L2 in 
MeCN at 298.15 K.
[L2/Zn2+j Am (S Cm2 moF1) [L2/Zn2*l Am (S Cm2 m o l1)
0.00 308.19 1.42 264.00
0.11 302.74 1.53 262.40
0.21 298.00 1.63 261.20
0.33 292.70 1.74 260.30
0.44 288.00 1.85 260.00
0.55 284.04 1.95 259.70
0.66 280.40 2.09 259.50
0.76 277.36 2.23 259.10
0.87 273.87 2.37 258.60
0.98 271.40 2.51 258.00
1.08 269.20 2.64 257.70
1.20 266.80 2.78 257.50
1.31 265.30 2.92 257.20
Table 42 Conductometric data for the titration of Li+ (as perchlorate) with L 2 in
MeOH at 298.15 K
rid/ILi*] An, (S Cm2 m o l1) [L2l/[Li*l Am (S Cm2 m o l1)
0 103.24 1.56 85.11
0.09 102.40 1.64 84.40
0.17 100.78 1.73 84.09
0.26 99.57 1.81 83.88
0.35 97.66 1.90 83.77
0.43 96.34 1.99 83.36
0.52 95.11 2.07 82.75
0.60 94.23 2.16 82.34
0.69 92.68 2.25 82.43
0.78 91.46 2.33 82.12
0.86 90.92 2.42 81.61
0.95 89.68 2.51 81.44
1.04 88.14 2.59 81.07
1.12 87.50 2.68 80.68
1.21 86.71 2.76 80.28
1.30 86.34 2.85 79.85
1.38 85.73 2.94 79.41
1.47 85.32
Table 43 Conductometric data for the titration of Na+ (as perchlorate) with L2 in \
MeOH at 298.15 K
J i 2]/lNa1 A... (S Cm2 m o l1) [L21/[Na*l A,„ (S Cm2 m ol1)
0 104.7 1.52 78.80
0.08 101.90 1.60 79.03
0.16 99.30 1.68 79.25
0.24 97.10 1.76 79.47
0.32 94.80 1.84 79.71
0.40 92.90 1.92 79.96
0.48 91.00 2.00 80.23
0.56 89.10 2.08 80.61
0.64 87.20 2.16 80.94
0.72 84.90 2.24 81.16
0.80 83.00 2.32 81.38
0.88 80.51 2.40 81.42
0.96 79.00 2.48 81.69
1.04 77.82 2.56 81.89
1.12 77.75 2.64 82.11
1.20 77.97 2.72 82.31
1.28 78.20 2.80 82.57
1.36 78.44 2.88 83.10
1.44 78.54 2.96 83.34
Table 44 Conductometric data for the titration of K+ (as perchlorate) with L 2 in
MeOH at 298.15 K
\ U V \ K 0 ]  Am (S Cm2 mol'1) rL2l/[K+] Am (S Cm2 m o l1)
0.00 120.18 1.72 89.89
0.09 117.99 1.80 90.13
0.17 115.19 1.89 90.68
0.26 112.39 1.98 90.97
0.34 109.34 2.06 90.92
0.43 106.40 2.15 91.11
0.52 103.17 2.23 90.81
0.60 101.13 2.32 91.82
0.69 98.26 2.41 92.06
0.77 95.40 2.49 92.27
0.86 92.61 2.58 92.37
0.95 90.00 2.66 92.52
1.03 88.44 2.75 92.43
1.12 88.54 2.84 92.39
1.20 88.80 2.92 92.42
1.29 89.03 3.01 92.50
1.38 89.31 3.09 92.62
1.46 89.46 3.18 93.24
1.55 89.56 3.27 93.87
1.63 89.93 3.35 94.50
Table 45 Conductometric data for the titration of Rb+ (as perchlorate) with L2 in 
MeOH at 298.15 K
[Lzl/rRb4! Am (S Cm2 M o l1) fL2l/[Rb+l Am (S Cm2 M o l1) ~
0.00 127.55 1.63 93.28
0.08 123.95 1.71 93.79
0.16 120.93 1.79 94.13
0.24 117.67 1.87 94.47
0.33 114.73 1.95 94.80
0.41 111.76 2.03 95.14
0.49 108.38 2.11 95.47
0.57 105.52 2.20 95.80
0.65 102.47 2.28 96.13
0.73 99.05 2.36 96.45
0.81 96.23 2.44 96.77
0.89 94.18 2.52 97.09
0.98 91.78 2.60 97.41
1.06 91.61 2.68 97.73
1.14 91.56 2.76 98.04
1.22 91.75 2.85 98.35
1.30 92.02 2.93 98.66
1.38 92.28 3.01 98.97
1.46 92.83 3.09 99.27
1.55 93.31 3.17 99.57
Table 46 Conductometric data for the titration of Cs+ (as perchlorate) with L 2 in
MeOH at 298.15 K
fLzl/fCsl Am (S Cm2 m o l1) fL2l/fCs+1 Am (S Cm2 m o l1)
0.0 127.67 1.4 104.50
0.0 126.51 1.5 104.59
0.1 125.26 1.6 104.77
0.2 123.83 1.7 104.95
0.2 122.66 1.7 105.21
0.3 121.50 1.8 105.30
0.3 120.07 1.9 105.55
0.4 118.46 1.9 105.70
0.5 116.94 2.0 105.88
0.6 115.06 2.1 105.93
0.6 113.27 2.2 106.11
0.7 110.85 2.2 106.20
0.8 109.15 2.3 106.47
0.9 106.20 2.4 106.73
1.0 104.23 2.4 106.94
1.1 103.87 2.5 107.09
1.2 103.87 2.6 107.26
1.2 103.87 2.7 107.45
1.3 104.14 2.7 107.36
1.4 104.41 2.8 107.54
Table 47 Conductometric data for the titration of Ag+ (as perchlorate) with L2 in 
MeOH at 298.15 K
[L2]/[Ag*] Am (S Cm2 mol"1) fL2]/[Ag+] Am (S Cm2 mol"1)
0.00 120.05 1.02 91.56
0.06 118.68 1.09 91.81
0.12 116.99 1.17 92.22
0.17 115.31 1.24 92.65
0.23 113.63 1.31 92.93
0.29 111.30 1.38 93.25
0.35 109.64 1.46 93.55
0.40 107.98 1.53 93.82
0.46 106.33 1.60 94.07
0.52 104.65 1.67 94.31
0.57 103.02 1.74 94.55
0.63 101.45 1.82 94.76
0.68 99.85 1.89 94.99
0.74 98.24 1.96 95.21
0.80 96.64 2.03 95.43
0.85 95.10 2.11 95.64
0.91 93.69 2.18 95.85
0.97 92.34 2.25 96.05
Table 48 Conductometric data for the titration of Mg2+ (as perchlorate) with L2 in
MeOH at 298.15 K
[L2]/[Mg2t| Am (S Cm2 m o l1) |L 2]/[Mg2J  Am (S Cm2 mol'1)
0.00 214.30 1.52 198.59
0.08 213.20 1.60 199.15
0.16 211.60 1.68 199.62
0.25 210.00 1.76 200.15
0.33 208.62 1.85 200.61
0.41 207.00 1.93 201.07
0.49 205.70 2.01 201.41
0.58 204.00 2.09 201.80
0.66 202.24 2.18 202.13
0.74 201.00 2.26 202.48
0.83 199.70 2.34 202.95
0.93 198.10 2.42 203.24
1.01 197.20 2.50 203.53
1.09 196.80 2.59 203.98
1.17 196.80 2.67 204.32
1.26 197.20 2.75 204.69
1.35 198.00 2.83 204.67
1.44 198.10 2.92 205.37
Table 49 Conductometric data for the titration o f Ca2+ (as perchlorate) with L2 in 
MeOH at 298.15 K
~[L2l/|C a21  Am (S Cm2 m o l1) [L2l/[Ca21  Am (S Cm2 inol ')~
0.00 225.70 1.44 206.00
0.08 224.00 1.55 206.00
0.16 222.50 1.67 206.00
0.24 221.20 1.78 205.90
0.32 219.60 1.89 205.90
0.40 218.00 1.99 205.90
0.49 216.30 2.11 206.00
0.57 214.70 2.22 205.90
0.65 213.20 2.33 205.90
0.73 211.60 2.44 205.90
0.81 210.30 2.55 206.00
0.91 208.80 2.66 205.90
0.99 208.00 2.78 205.90
1.08 207.20 2.89 205.90
1.22 206.80 3.00 208.80
1.33 206.00
Table 50 Conductometric data for the titration of Sr2+ (as perchlorate) with L 2 in
MeOH at 298.15 K
[L2]/Sr2+1 A,„ (S Cm2 mol'1) [L2]/Sr2+I Am (S Cm2 mol'1)
0.00 250.82 1.44 227.00
0.08 249.40 1.52 227.00
0.16 247.20 1.61 227.30
0.24 245.40 1.69 227.00
0.32 243.40 1.77 227.30
0.40 241.70 1.85 227.50
0.48 239.90 1.93 227.30
0.56 238.20 2.01 227.50
0.64 236.20 2.09 227.30
0.72 234.70 2.17 227.50
0.80 232.70 2.25 227.30
0.88 231.00 2.33 227.00
0.96 229.80 2.41 226.90
1.04 228.70 2.49 227.02
1.12 228.28 2.57 227.27
1.20 227.80 2.68 227.30
1.28 227.50 2.80 227.00
1.36 227.30 2.90 227.00
Table 51 Conductometric data for the titration of Ba2+ (as perchlorate) with L2 in 
MeOH at 298.15 K
[L2l/[Ba2+l Am (S Cm2 mol'1) fL2]/[Ba2+l Am (S Cm2 mol'1)
0.00 255.07 1.17 205.73
0.06 251.97 1.23 205.55
0.12 249.15 1.29 205.37
0.18 245.80 1.35 205.23
0.25 242.66 1.42 205.05
0.31 239.56 1.48 204.92
0.37 236.58 1.54 204.75
0.43 233.23 1.60 204.62
0.49 230.31 1.66 204.49
0.55 227.46 1.74 204.21
0.62 224.91 1.83 204.08
0.68 222.00 1.91 203.85
0.74 219.40 1.99 203.67
0.80 216.50 2.07 203.49
0.86 213.70 2.15 203.27
0.92 210.90 2.23 203.05
0.98 208.70 2.32 202.92
1.05 207.10 2.40 202.70
1.11 206.30 2.48 202.58
Table 52 Conductometric data for the titration of Cd2* (as perchlorate) with L 2 in
MeOH at 298.15 K
[L2j/[Cd2+l Am (S Cm2 m o l1) \ U V \ C d 2+] Am (S Cm2 mol"1)
0.00 216.07 1.36 188.60
0.07 213.20 1.46 190.00
0.15 211.00 1.55 191.20
0.23 208.50 1.64 192.30
0.30 206.00 1.74 193.40
0.37 203.60 1.83 194.50
0.45 201.40 1.93 195.70
0.52 199.20 2.02 196.80
0.59 197.00 2.11 197.60
0.66 194.50 2.21 199.00
0.74 192.00 2.30 200.00
0.81 189.70 2.39 201.20
0.88 187.41 2.49 202.50
0.96 185.04 2.58 203.40
1.03 185.00 2.68 204.70
1.10 185.70 2.77 206.00
1.18 186.80 2.86 206.68
1.27 187.70 2.96 208.00
Table 53 Conductometric data for the titration of Hg2* (as perchlorate) with L2 in 
MeOH at 298.15 K
]L 2l/[Hg2*l Am (S Cm2 mol"1) jL21/[Hg2*] A,n (S Cm2 mol"1)
0.00 212.81 1.41 140.20
0.09 206.80 1.49 139.20
0.17 201.40 1.60 139.60
0.25 195.10 1.70 138.77
0.33 190.10 1.81 139.60
0.42 183.10 1.91 139.38
0.51 176.50 2.02 139.61
0.59 171.20 2.12 139.82
0.67 165.20 2.23 139.97
0.75 159.50 2.33 140.11
0.83 154.50 2.44 140.21
0.92 150.20 2.54 140.32
1.00 146.90 2.65 140.37
1.08 144.90 2.75 140.45
1.16 142.60 2.86 140.53
1.24 141.60 2.97 140.59
1.33 140.90
Table 54 Conductometric data for the titration of Pb2+ (as perchlorate) with L 2 in
MeOH at 298.15 K
[L2]/fPb2*l Am (S Cm2 m o l1) rL2]/rPb2+] A„, (S Cm2 m o l1)
0.00 198.00 1.48 170.32
0.11 194.92 1.59 170.74
0.21 191.83 1.69 170.99
0.32 189.15 1.80 171.57
0.42 186.22 1.90 171.57
0.53 183.46 2.01 171.99
0.63 180.28 2.12 172.49
0.74 177.43 2.22 172.66
0.85 174.92 2.33 173.08
0.95 171.99 2.43 173.25
1.06 169.40 2.54 173.41
1.16 169.56 2.64 173.66
1.27 169.56 2.75 174.08
1.37 169.90 2.86 174.33
Table 55 Conductometric data for the titration of Zn2+ (as perchlorate) with L2 in 
MeOH at 298.15 IC
[L2l/rZn2+l Anl (S Cm2 m o l1) fL2l/[Zn2+j Am (S Cm2 m o l1)
0.00 206.82 1.34 181.19
0.08 204.66 1.42 181.41
0.17 202.38 1.50 181.65
0.26 200.05 1.58 181.91
0.34 197.80 1.67 182.06
0.42 194.87 1.75 182.27
0.50 192.80 1.83 182.49
0.59 190.16 1.91 182.73
0.68 188.23 2.02 182.97
0.76 186.45 2.13 183.14
0.84 184.69 2.24 183.37
0.92 183.18 2.35 183.49
1.01 182.13 2.46 183.67
1.09 181.44 2.57 183.89
1.17 181.20 2.68 184.10
1.25 181.19 2.79 184.31
Appendix B
Table 56. Potentiometric titration data for Ag+ (as perchlorate) with L2 in MeCN at
298.15 K
Vadd [L]/[Ag+] E (mV) Vadd [Ll/[Ag+] E (mV)
0.2 0.0 -63.4 4.6 1.0 -96.6
0.4 0.1 -64.1 4.8 1.0 -98.3
0.6 0.1 -65.4 5.0 1.1 -99.7
0.8 0.2 -66.6 5.2 1.1 -101.2
1.0 0.2 -68.2 5.4 1.2 -102.7
1.2 0.3 -69.7 5.6 1.2 -104.0
1.4 0.3 -71.1 5.8 1.3 -105.3
1.6 0.4 -72.7 6.0 1.3 -106.8
1.8 0.4 -74.0 6.2 1.3 -108.2
2.0 0.4 -75.5 6.4 1.4 -109.4
2.2 0.5 -77.1 6.6 1.4 -110.8
2.4 0.5 -78.8 6.8 1.5 -111.8
2.6 0.6 -80.5 7.0 1.5 -113.1
2.8 0.6 -82.0 7.2 1.6 -114.4
3.0 0.7 -83.8 7.4 1.6 -115.5
3.2 0.7 -85.4 7.6 1.7 -116.8
3.4 0.7 -87.1 7.8 1.7 -117.8
3.6 0.8 -88.8 8.0 1.7 -118.9
3.8 0.8 -90.2 8.2 1.8 -119.9
4.0 0.9 -91.9 8.4 1.8 -120.7
4.2 0.9 -93.5 8.6 1.9 -121.3
4.4 1.0 -95.1 8.8 1.9 -122.0
Table 57. Potentiometric titration data for Na+ (as perchlorate) with L2 in MeCN at 
298.15 K
Vadd [L]/[Na+J E (mV) Vadd [Ll/[Na+l E (mV)
0.2 0.1 -173 2.8 1.4 -442.5
0.4 0.2 -179.6 3.0 1.51 -449.5
0.6 0.3 -187.8 3.2 1.61 -456.6
0.8 0.4 -198.0 3.4 1.71 -462.2
1.0 0.5 -210.6 3.6 1.81 -466.7
1.2 0.6 -224.7 3.8 1.91 -471.0
1.4 0.7 -237.0 4.0 2.01 -475.2
1.6 0.8 -254.2 4.2 2.11 -478.9
1.8 0.9 -271.7 4.4 2.21 -480.0
2.0 1.0 -300.1 4.6 2.31 -484.3
2.2 1.1 -384.5 4.8 2.41 -485.8
2.4 1.2 -418.7 5.0 2.51 -493.0
2.6 1.3 -432.4 5.2 2.61 -495.3
Table 58. Potentiometric titration data for Ag+ (as perchlorate) with L 2 in MeOH at
298.15 K
Vadd mV Vadd [Ll/fA gl mV
0.3 0.1 -78.6 4.8 1.4 -439.4
0.6 0.2 -83.9 5.1 1.5 -445.8
0.9 0.3 -88.4 5.4 1.6 -451.1
1.2 0.4 -94.5 5.7 1.7 -455.7
1.5 0.5 -99.1 6.0 1.8 -459.3
1.8 0.5 -106.0 6.3 1.9 -463.5
2.1 0.6 -116.0 6.6 2.0 -466.3
2.4 0.7 -127.1 6.9 2.1 -469.3
2.7 0.8 -144.6 7.2 2.2 -471.6
3.0 0.9 -185.4 7.5 2.3 -473.8
3.3 1.0 -297.4 7.8 2.4 -475.5
3.6 1.1 -351.1 8.1 2.4 -477.7
3.9 1.2 -388.8 8.4 2.5 -479.2
4.2 1.3 -414.3 8.7 2.6 -481.1
4.5 1.4 -429.6 9.0 2.7 -482.4
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Table 59 Cation solvation Gibbs free energies (kJ mol"1) at 298.15 K.
MeCN MeOH
. AS0|VG AS0|VG°
Cation
k J  mol k J  m o l1
Li -480.9 -507.4
Na+ -396.7 -402.4
K+ -329.7 -327.7
Rb+ -309.4 -305.5
Cs+ -279.9 -274
Ag+ -436.1 -405.8
Table 60 Cation solvation enthalpies (kJ mol'1) at 298.15 K.
MeCN MeOH
Cation ASoivH° kJ  mol'1
AsoivH° 
kJ  mol"1
Li+ -514.4 -537.2
Na+ -418.6 -425.6
K+ -343.6 -339.9
Rb* -319.01 -311.5
Cs+ -288.1 -276.7
Ag+ -507.7 -495.6
Table 61 Single ion Gibbs free energies of hydration and Enthalpy of hydration (kJ 
mol'1) at 298.15 K.
Cation
AhydG° AhydH°
kJ mol"1 kJ mol"1
Mg2+ -1906 -1922
Ca2+ -1593 -1592
Sr2+ -1447 -1445
Ba2+ -1318 -1304
Ni2+ -2068 -2106
Zn2+ -2028 -2044
Cd2+ -1801 -1801
Hg2* -1825 -1823
Pb2* -1497 -1497
Appendix D
Fig. 1 Calibration curve for lithium (as chloride) in non-aqueous solvent at 298.15 K
[U*] ppm
Fig. 2 Calibration curve for sodium (as chloride) in non-aqueous solvent at 298.15 K.
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Fig. 3 Calibration curve for potassium (as chloride) in non-aqueous solvent at 298.15 
K
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Fig. 3 Calibration curve for magnesium (as chloride) in non-aqueous solvent at 298.15 
K
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Fig. 4 Calibration curve for calcium (as chloride) in non-aqueous solvent at 298.15 K
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